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Abstract
Dave Jao
SCALABLE FABRICATION OF POST-DRAWN
BIO-BASED AND PETROLEUM-BASED NANOFIBERS WITH TUNABLE
FIBER ALIGNMENT, MORPHOLOGY, AND MECHANICAL PROPERTIES
VIA AN AUTOMATED TRACK APPROACH
2019 - 2020
Vince Beachley, Ph.D.
Doctor of Philosophy
We propose to expand nanomanufacturing capabilities and develop processing
methods to produce advanced nanofiber materials with enhanced macromolecular and
functional properties. Over the past decade, there has been a tremendous increase in the
demand for polymeric nanofibers, which are promising candidates for a wide range of
technological

applications,

including

tissue

engineering,

protective

clothing,

filtration/absorption materials, and sensors/electronic devices, batteries/energy harvest,
and fiber-reinforced composites [1]. However, the accessibility of nanofiber materials is
limited because it is impossible to produce polymer nanofibers using conventional
techniques. To address this demand, researchers have turned to the development of
various techniques such as air blowing [2], direct drawing [3], electrospinning, and
centrifugal spinning [4] for the fabrication of polymeric nanofibers. However, with
technological innovation, like adopting an automated track system to electrospinning and
other alternative fabrication techniques, we can move beyond its current state towards
commercial realization and widespread applications. Our research shows that the addition
of a post-drawing step can further improve nanofiber properties, as widely demonstrated
in extruded, post-drawn microfibers.
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Chapter 1
Introduction
1.1

Overview of Fiber Spinning Methods
Over the past two decades, the fabrication of polymer nanofibers has found many

potential applications in tissue engineering scaffolds [6-12], composite materials, drug
delivery, fabrics, filters [13-15], fuel cells [1], packaging [16], sensors, and optical
devices. Polymer nanofibers exhibit many favorable and unique features such as a high
surface area to volume ratio, flexibility in surface functionalities, and theoretically, can
obtain mechanical properties superior to larger fibers [17, 18]. The motivation to develop
processes that can fabricate exceptionally strong and stiff polymer nanofibers has
attracted much interest in recent years.
The most popular nanofiber fabrication method is electrospinning, which is joined
by several other manufacturing techniques such as blow/jet spinning [19-23], centrifugal
spinning [4, 24, 25], hand-spinning [26, 27], forcespinning [28, 29], microfluidic
spinning [30], magnetospinning [31, 32], melting spinning [33], pull spinning [34], rotary
jet-spinning [35-37], touch-spinning [38], spinneret-based tunable engineered parameters
technique (STEP) [39, 40], and spun-wrapped aligned nanofiber (SWAN) [41], or any
combination of these techniques [42-44]. Despite the versatility and popularity of
electrospinning, the technique remains limited in both throughput and the range of
materials used. Most notably, electrospinning has been highly limited for making
nanofibers comprised of polymers that have poor solubility in solvents or high electrical
resistivity, such as polyolefins (e.g., polyethylene and polypropylene) [45, 46].
Furthermore, high-voltage electrical fields and sensitivity to solution conductivity and
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environmental conditions challenge existing systems. Many of the other techniques listed
share similar limitations and most are not optimized for aligned fiber orientations or
compatible with essential post-drawing processing [47]. Therefore, there is a need for
alternative methods and devices for manufacturing nanofibers composed of a wide range
of materials.
1.2

Historical Note: Plastic Fiber Shaping Processes
The development and history of fiber and filament production began with

equipment for shaping plastics that originated largely from the rubber manufacturing
process. An early contributor was Edwin Chaffee, an American, who invented a two-roll
steam-heated mill to incorporate additives into rubber around 1825 [48]. Ten years later,
in the United Kingdom, the first extruders were introduced, and they were ram-driven
machines for extruding rubber onto electrical wires. However, the problem with ram-type
extruders is that they perform intermittently. As cables and wires require a continuous
profile, it is highly beneficial to provide an extruder that can continuously coat them. In
1879, the first screw-type extruder was invented by Mathew Gray of the United Kingdom.
As thermoplastics became popular in the 1930s, these screw-type extruders, initially
developed for rubber, were being adapted. Shortly after, Roberto Colombo of Italy
designed the first twin-screw extruders for the homogenous mixing of compound
extrusions [48].
For decades, one of the most uses of polymer fibers and filaments is in textiles, and
extrusion has been the most effective way to manufacture these fibers. The ability to
create long and continuous fibers from melts without the need for additional solvents is
one of the great benefits of using extrusion. However, nano-scale fibers are difficult to
2

obtain due to clogging of the die orifice or spinneret at smaller diameters. A variety of
defects may occur as melted pellets are forced to flow through a die orifice, such as die
swell, melt fracturing, and bambooing. Although sub-micron fibers are possible,
additional processing is needed, such as co-extruding with a second polymer and washing
with a chemical solvent. This form of carrier is very cost-intensive and is not efficient.
Thus, single extruded polymer nanofibers are not possible.
Over the years, the market for nanofibers in numerous applications, including
tissue engineering, drug delivery, protective clothing, and sensors, has increased
tremendously. Researchers have developed numerous electrospinning and nonelectrospinning techniques, such as blow spinning, template synthesis, drawing, and
centrifugal spinning, to meet this need for nanofibers. While all these approaches can
produce nano-scale fibers to some extent, they have their disadvantages.

An ideal

nanofiber manufacturing system should have high-throughput, high alignment, the
potential to post-draw, and the ability for fiber placement. Our approach to these
drawbacks is to implement an automatic track system for these production processes.
Electrospinning is one of the most common and popular nanofiber production
methods. It is a direct extension of electrospraying and was first invented in 1902 by
Morton and Cooley[48]. The electrospinning process is well known for its effectiveness
in the production of nanofibers from a wide range of polymers with very narrow
diameters and ease of use in the laboratory setting. The key drawbacks of this method,
however, are considered to be low productivity and solvent use. Other disadvantages
include poor fiber alignment and no post-drawing. Although other groups have
introduced revolving drums and parallel plates to address some of these issues, they are
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not perfect solutions. However, with an automated track system, we can solve both
problems simultaneously.
One of the simplest non-electrospinning methods to use for high productivity is
solution blowing, where compressed air is used as the driving force. It is a versatile, onestep method for the micro-and nano-scale processing of fibers. However, a major
drawback of this method is the random orientation of fibers. While introducing an
automatic track system for this blow spinning process is possible for post-drawing mesh
fibers, the fibers are still randomly oriented, which may prove difficult or unfeasible with
this process.
Template synthesis may be used for high fiber alignment. It is a molding method
for producing fibrous materials, such as fibers, fibrils, rods, and tubes. It is a convenient
method, with controlled morphology, uniformity, and orientation. However, the main
disadvantages are short fiber lengths and low throughput. For the full removal of the
template, additional steps are required, either by dissolving the template or physically
separating the fibers by using a scalpel. This process is time-consuming and costly, with
the possibility of destroying the fibers. With this approach, it is not very viable to
implement an automatic track system.
The simplest way to produce nanofibers in any orientation is by direct drawing.
This technique is repeatability, and key parameters such as drawing speed, needle
diameter, and viscosity will regulate the diameter of the nanofiber. While this process is
simple, it is confined to the size of the laboratory. It is a discontinuous process because
nanofibers are formed one by one. However, we can continuously produce post-drawn
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nanofibers with very high alignment and placement by adopting an automated track
system. Fiber uniformity and uniformity can be increase by adding additional probes.
Centrifugal spinning is a versatile process that can spin a wide variety of
conductive, non-conductive, highly viscous, and melt materials. It uses a high-speed
rotary head to form and eject fibers, and it has one of the fastest rates of output and the
lowest cost of production. Low fiber orientation is the main limitation of this technique as
fibers are spun and gathered in a circumference fashion. However, nanofibers can be
post-drawn with a greater degree of alignment by attaching an automatic track system to
centrifugal spinning than using traditional static posts.
1.3

Overview of Silk Fibroin Protein Material
The ability to spin and pull highly aligned silk fibroin nanofibers has great

commercial, industrial, and scientific applications. Silk is a natural biomaterial
possessing an exclusive combination of mechanical and physical properties such as high
tensile strength, thermal stability, and high strain at breaking [49]. It is also considered
one of the most promising green materials being biodegradable, biocompatible, bio-inert,
and renewable. Applications could range from super-thin sutures and scaffolds for
surgery and wound dressings in biomedical engineering to fiber-reinforced composite
materials in material and polymer engineering [50, 51]. Efforts have been made to
understand the flow conditions in natural silk spinning, which occurs at low temperatures
and pressures, and to design the large-scale manufacturing of these natural fibers [52].
Currently, artificial silk fibers are made by traditional wet-spinning, which involves
dissolving
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proteins
propanol
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in

N-methyl
(HFIP),

morpholine

trifluoroacetic

N-oxide
acid(TFA),

hexafluoroacetone (HFA), or 1-ethyl-3-methylimidazolium chloride and forcing the
liquid feedstock through a dye and exposing it in a coagulation bath to induce
conformation transition and solidification [53, 54]. Methanol and acetone baths have also
been suggested as a greener, cost-effective substitutes. However, these safer coagulants
still severely degrade the silk fibroin (SF) and are toxic for use in cell-based applications.
In addition, the coagulation rate at which SF forms is crucial to the behavior of the fiber
during the drawing process, which will influence the mechanical properties of the fibers
[53]. If the rate of transition is very slow, the fibers are not formed at all or form
irregularly. On the other hand, if the coagulation rate is very rapid, such as in alcohols
like ethanol, isopropanol, and methanol, the resulting fiber can become very brittle. In
contrast, silkworms can solidify silk fibroin and sericin into a fiber at room temperature,
leaving behind just water, causing less environmental damage. It has been suggested that
if this process can be replicated in an industrial setting, it could improve how bioinspired
and natural materials are processed and offer a more environmentally friendly alternative.
In a recent study, Holland et al. have offered new insights into how Bombyx mori
silkworm spin silk by exploring the effect of the internal pressure of the silkworm during
fiber production [55]. They concluded that the silkworm’s body would not be able to
contain the high pressure needed to squeeze itself hard enough to spin silk through
extrusion alone. The study found that rather than being a conventional extrusion-based
system where the material is forced through a die (a pushing mechanism), the silkworms
predominantly spin their liquid silk feedstock dominated by a pultrusion effect (a pulling
mechanism) [55].
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Understanding how natural silks are spun in nature can lead to the unlocking of
large-scale manufacturing of bioinspired products. To overcome current manufacturing
difficulties and better mimic the mechanics of natural silk fabrication, we developed an
automated track-drawing (TD) technique. This highly versatile spinning apparatus can
produce highly aligned silk nanofibers with uniform sizes under ambient conditions. The
automated TD design combines the discrete dry-spinning process with the vital postdrawing (pulling) process to mimic the pultrusion capability of the silkworm to pull fiber.
In contrast to conventional wet-spinning approaches, the automated TD system is a first
stage, one step drawing process. At the manufacturing level, the reduction of processing
steps allows for easier fabrication and implementation of SF fibers in numerous
applications that require tunable thermal and mechanic properties. The purpose of this
study is to attain a better understanding of the silk post-drawing mechanism with respect
to the β-sheets orientation behavior and to evaluate the differences between SF film,
random, undrawn, and post-drawn nanofibers.
1.4

Overview of Electrospinning
Electrospinning has been the most successful and versatile method of producing

nanofibers with random and aligned configurations. Aligned nanofiber mats have
potential applications in bone, skeletal muscle, and vascular tissue engineering, as well as
drug carriers, filters, fuel cells, gene delivery, and wound dressings. Aligned nanofibers
are known to aid in the regeneration of highly organized structures, like tendons, nerves,
and ligaments. They can provide topographic guidance to cells, thereby facilitating cell
adhesion, alignment, elongation, proliferation, and migration. Researchers have made
numerous attempts to fabricate highly aligned nanofibers using various electrospinning
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techniques such as high-speed rotating drum/disc, parallel pair electrodes (plates, poles,
or rings) modified electrospinning techniques, such as centrifugal electrospinning. While
laboratory-scale electrospinning has undergone many enhancement stages, the key
downside of the process is its relatively low productivity and high-voltage dependency,
which poses the potential risk of volatile solvent inflammation when scaled up. Also, at
increasing thicknesses, the deposition of fiber mats is prevented or hindered due to the
residual charge presence on the fibers during electrospinning.
1.5

Overview of Lignin Biopolymer Material
Lignin is an aromatic and polyphenolic biopolymer that has a high availability in

plants accounting for 15-30 wt. % of their biomass. It is an abundant, low-cost, non-toxic,
and biocompatible polymer obtained as a byproduct of the paper and growing cellulosic
ethanol industries. Lignin is a waste product from the cellulose pulping process, which
yields more than 60 megatons per year of this byproduct, making it one of the most
abundant polymers on Earth [56]. Currently, lignin has limited low-value applications,
and most of it is incinerated to produce heat or disposed of in landfills. Although most
lignin waste is used as fuel, the use of value-added chemicals has been researched.
However, it is a complicated process to depolymerize, isolate, and convert lignin into
functional molecules. Using a less complex approach, lignin can be converted into carbon
materials to add value. It is a good candidate for carbonization because lignin has a high
carbon content and an aromatic composition. Carbon fibers are typically produced from
polyacrylonitrile (PAN) obtained from propylene, a byproduct of oil refining. Since PAN
is not a renewable precursor, it is possible to repurpose lignin to have a beneficial
environmental and economic effect by reducing the waste in the ethanol process
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regarding lignin recycling. It will also dramatically reduce the expense of carbon fiber by
replacing lignin with PAN as the precursor. Lignin is more environmentally sustainable
without the dangerous gases and volatile compound pollutants required during the PAN
processing process. Currently, the most common spinning technique to produce micronsized fibers from lignin is melt spinning. However, due to its massive –OH groups, lignin
can experience crosslinking during melt-spinning resulting in difficulties during extrusion
and thermal stabilization processing. Carbonized lignin fibers produced by this method
have moderate properties with tensile strength ranging from 150-1070 MPa and Young’s
modulus from 28.6-82.7 GPa due to the insufficient molecular weight and imperfect
linearity of lignin. However, still suitable for as low-cost, lightweight material for general
applications in the automotive industry where lower fuel consumption regulations need to
be met in the future. With advances in nanotechnology and the high efficiency of some
materials in the nanoscale, carbon nanofibers have received attention due to their higher
performance compared to larger fibers. Electrospinning has emerged to be the most
successful and versatile method for producing micrometer and nanometer-scale fibers in
random and aligned configurations[1]. However, the key downside of the technique is its
relatively low productivity when scaling up, limited viscosity range, reliance on polar
solvents, interference from competing electrical fields, and dependency on specific
humidity and environmental factors. While previous studies have shown that lignin can
be electrospun from aqueous and organic solvents, the fibers tend to have beading,
splattering, and a propensity to cling to the aluminum foil collectors [57]. To address
these issues, we implemented an automated trackspinning setup for the high-volume
production and collection of highly aligned lignin fibers. The simplicity of the apparatus
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allows fibers to be post-drawn to smaller diameters similar to electrospinning while
retaining high order and very aligned lengths. In addition, the lignin solution can be
prepared and spun in fibers at room temperature without concerns regarding the
crosslinking and degradation of certain lignins during melt processing.
1.6

Research Background and Motivation
Against this background, the broad research objectives are: (1) To integrate

electrospun and non-electrospun nanofiber fabrication and post-drawing processing into a
seamless nanomanufacturing platform. (2) To understand the macromolecular mechanics
of individual bio-based and petroleum-based polymer nanofiber response to post-drawing
in the semi-solid state. (3) To engineer enhanced nanofiber materials. These objectives
were achieved by the following described work. The research offered insight into the
other fiber production strategies that have not benefited from adding an automatic track
to its framework. The automated track technology was used to post-draw individual
electrospun and non-electrospun nanofibers. Nanofibers were systematically drawn in
their semi-solid state mediated by the residual solvent. Resultant macromolecular,
mechanical, and functional properties were characterized. The incorporation of postdrawing into the various continuous manufacturing systems allowed the transition to
scalable productions of enhanced engineered nanofibers.

Specific goals and impacts of this research program include:
•

Study the mechanics of bio-based polymer post-drawing in the nanoscale using
electrospinning with automated tracks

•

Investigate the effect of post-drawing on macromolecular properties
10

•

Study the post-drawing effects on polymer nanofibers from the same materials,
but different initial structures (potentially) due to the various fabrication methods

•

Chain orientation, crystalline structure, crystal alignment

•

Investigate the mechanisms of post-drawing

•

Integrate alternative nanofiber fabrication, processing, and assembly within a
continuous, scalable nanomanufacturing platform

•

Study the mechanics of bio-based and synthetic polymer post-drawing in the
nanoscale using newly proposed non-electro spinning alternatives with automated
tracks

•

Engineer advanced nanofiber materials with enhanced mechanical strength

•

Engineer advanced nanofiber materials with enhanced functional properties

•

Engineer low-cost, high-output, and green advanced nanofiber materials

This research is transformative in two ways: (1) Very little is known about postdrawing in the nanoscale with bio-based and petro-based materials. The proposed
platform is uniquely capable of post-drawing thousands of individual electrospun
nanofibers and facilitates the systematic study of biopolymer and synthetic polymer
nanofiber response to post-drawing. (2) The ability to spin and post-draw a vast selection
of polymers, whether it is conductive, highly viscous, magnetic, or as a melt.
Manufacturing and processing technologies developed here will result in the development
of polymer nanofiber materials with mechanical and functional properties that exceed
current technological limitations. (3) The ability to simultaneously produce, collect, and
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post-process highly aligned fibers at high throughputs with precise control of fiber
orientation.
1.6.1 Motivation. This research project is significant for several reasons. First
and foremost, our research goal is to increase the throughput of nanofiber production,
enhance fiber mechanical and physical properties, and increase alignment. We want to
develop a versatile nanofiber manufacturing toolkit for the production of highly aligned,
advanced nanofiber materials with enhanced macromolecular and functional properties.
There are many ways to make nanofibers. Each of these fabrication methods has pros and
cons. A widespread technique in academic research is electrospinning for ease of use.
However, there are still challenges to be addressed and overcome, such as low production
rate, no parallel alignment, post-drawing, and the ability for fiber placement. Similar
problems can also be seen in other nanofiber fabrication techniques, such as blow
spinning, centrifugal spinning, direct drawing, and template synthesis [58]. Nevertheless,
we envision that nanomanufacturing will step beyond its current state towards industrial
realization and widespread implementations with further advancement in the expansion
and development of novel nanofiber synthesis strategies. As next-generation applications
require faster, cheaper, and smaller, tightly packed components, there is an everincreasing demand for versatile materials with no sign of letting up. In Figure 1,
emerging applications of nanofiber technology in various fields such as energy
generation and storage, water treatment and environmental remediation, healthcare and
biomedical engineering, and other industrial applications have increased drastically for
nanofibers [30]. Some key trends for healthcare, textiles, and automotive will be the
demand for biosensors that convert the biological response into an electrical signal, air
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filters that stop tiny, potentially dangerous particles from being breathed in, and fuelefficient vehicles that create lighter cars and longer life batteries. Nanotechnological
innovation is a significant factor that will steer industry growth for nanofibers.
The proposed research will investigate an automated track platform technology
for electrospun and non-electrospun nanofiber processing and assembly. The platform is
uniquely capable of individually post-drawing thousands of electrospun nanofibers in
minutes [59]. The drawn fiber can be utilized to study the mechanisms of post-drawing in
the nanoscale in ways that are not possible by other methods. The platform is also
uniquely capable of delivering aligned individual nanofibers within a continuous,
scalable manufacturing system. These novel fundamental strategies will offer new
insights into critical fiber post-drawing mechanisms in the nanoscale and expand the
potential for real applications. The specific aims of this dissertation are innovative for
several reasons. To reiterate, the use of an automated track system will aid in the
continuous collection and simultaneous post drawing of protein-based, silk fibroin (SF)
nanofiber with high alignment. The implementation of the device can quickly produce SF
nanofibers with precise control over fiber orientation. By regulating fiber alignment and
deposition, nanofiber scaffolds can mimic highly aligned tissue in the body. For example,
a nerve guide can be implanted between a 10 mm gap of a rat sciatic nerve, where the
stumps can be sutures with an entubulation conduit that will allow for regeneration of the
nerve [60]. Besides biomedical applications, bio-based polymer, such as lignin, a material
made of aromatic hydrocarbons, can be a viable and inexpensive source as a plant-based
carbon fiber substitute with less dependency on petroleum-based precursors. The
majority portion of manufacturing costs of conventional PAN-based CFs is attributed by
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51% of the cost coming from the production of the precursor [61]. Therefore, we wanted
to implement our technological innovation to upcycle discarded lignin. The conversion of
the process waste to a value-added commodity would positively affect the environment,
economy, and sustainability of the ethanol and lignocellulosic biorefinery industries.
A variety of bio-inspired fiber spinning systems have been applied to produce
regenerated silk fibers; however, most of these artificial spinning methods are based on
direct extrusion and wet-spinning [62]. In order to take advantage of natural silks in term
of structural hierarchy and mechanical properties, the silk feedstock must be pulled from
the animal, rather than extruded. To achieve natural spinning, we developed the first
pultrusion-based biomimetic spinning device where pulling is the dominant force acting
within the system [55]. While regenerated silk fibers can be extruded and reeled in air
and water, it is time, space, and labor-intensive, making industrial scaling up difficult.
With the automated tracking-drawing (TD) device, thousands of individual nanofibers
can be processed and collected continuously per minute with highly controllable drawing
conditions that bring natural domains into closer alignment. The present study shows that
the regenerated SF solution fabricated by electrospinning Bombyx mori mulberry silk
protein in the atmosphere can mimic the architectural environment of the hierarchical
structures in natural silks, while also imparting remarkable mechanical properties through
this process. The ability to artificially and synthetically produce silk nanofiber have great
commercial, industrial and scientific implications. By combining electrospun nanofiber
with TD manufacturing strategies, highly aligned non-woven bio textiles with
hierarchical features, fibrous topography, and sufficient mechanical properties can be
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manufactured at large scales for nerve, tendon, and other bioinspired tissue-engineered
applications [55].
We also plan to test the hypothesis that implementing the track system to other
alternative nanofiber techniques can result in similar mechanical performance with the
added benefits of each method.

Many studies have demonstrated that centrifugal

spinning can generate enormous amounts of nanofiber off one single machine.
Unfortunately, they seem to hit a roadblock with the collection and enhancement of the
fibers' properties since there is no right way to mount and place the fiber for application.
Many centrifugal/rotatory based techniques lack a continuous collection system relying
on static posts position around the spinner [37]. The static posts negate the benefit
centrifugal spinning rapid fiber generation has to offer because fibers are randomly
stacked onto each other without orientation. By implementing an automated track system,
fibers can be continuously collected and moved out of the way as new fibers are
generated, all the while the fibers are post-drawn in real-time. Without compromising the
cost, alignment, and amount of nanofiber required, the use of an automated track system
can practically help spearhead novel nanofiber applications. What used to be drawbacks
can be remediated, leading to new areas of analysis and fields of studies that have not
been explored and studied before that were previously not deemed feasible and practical.
Currently, no studies have ambitiously attempted to add automated tracks to alternative
spinning methods. For trackspinning by direct drawing, we want to show how polymer
solutions with very high viscosity can be drawn from solution and melts with very high
alignment. For centrifugal trackspinning, we want to show it can reach commercialization.
Using these nanofibers in three-dimensional composites and scaffolds for the delivery of
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cells can significantly change the way we repair and treat degenerated nerve tissues. In
the long term, the completion of this work will be a significant step toward improving
nanofiber manufacturing with the ability to upscale.

Figure 1. Nanofiber Applications. Emerging applications of nanofiber technology in
various fields such as energy generation and storage, water treatment and environmental
remediation, healthcare and biomedical engineering, and other industrial applications
have increased drastically for nanofibers.

1.6.2 Scientific significance. Alignment: With the ability to continuously collect
nanofibers using the automatic track system in an orderly manner, we will produce highly
organized nanofiber arrays to orient and facilitate tissue regeneration in a specific
direction. In neural tissue engineering, for example, the strategy is to initiate neurite
extension by touch guidance with nanofibers and promote nerve regrowth by improving
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the proliferation of neural cells and directing the neural cells to differentiate along the
fiber length. Therefore, it is highly desirable to create a viable synthetic material to
address the constraint of autologous nerve grafts [63]. The automated track system makes
it possible to assemble biocompatible nanofibers that mimic tissue architecture in a
scalable and alignable way, which is a critical driving force for cell growth and
proliferation.
Post-drawing: The nanofibers' small size presents a degree of difficulty in
studying mechanisms involved in nanomaterial manufacturing and processing. Therefore,
very little is known about the mechanisms of post-drawing in nanofibers. It has been
shown that electrospun nanofibers are weaker than their microfiber counterparts because
of chain relaxation and the lack of a post-drawing step. Without post-drawing, the
polymer chains are kinked and unordered. The crystal structures and chains can be
unkinked at a higher draw ratio by immediate post-drawing in the semi-solid state.
Without macromolecular alignment and increases in crystallinity, electrospun nanofibers
are generally weaker than conventional microfibers. The microstructure of undrawn
polymers resembles a spaghetti-like tangle of molecular chains (a jumbled mess) [64]. In
contrast, after stretching or drawing, the molecules are aligned in a manner identical to
the untangled parallel chains. Despite the poor mechanical properties of electrospun
nanofibers, there is evidence that their mechanical strength does improve with decreasing
diameter. Thus, we developed a new post-manufacturing technique for post-drawing
electrospun and non-electrospun nanofibers that endows strength and stiffness without
using additives. By post-drawing individual fibers, the defects and voids can be reduced,
enhancing both mechanical and thermal properties and optical transparency. We expect
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greater polymer chain mobility during solvent evaporation and high drawing
temperatures to be responsible for creating fewer defects in the post-drawn nanofibers,
resulting in less light scattering by defects [45]. The proposed research will utilize a
continuous manufacturing platform for the investigation of polymer nanofiber postdrawing mechanics. To investigate the mechanics of macromolecular orientation
associated with post-drawing, we want to look at the chain orientation, crystalline
structure, and crystal alignment. These studies will answer many critical questions about
post-drawing in the nanoscale.
1.6.3 Technological significance. Nanomanufacturing: It has become clear that,
for polymer nanofibers to be relevant for any applications, the materials would have to be
scaled-up from single nanofibers or uniaxial fiber bundles to a more continuous
manageable staple yarn or highly ordered nanofiber array tape. While post-drawing
individual polymer nanofiber is a very arduous process, the automated track manufacture
methods utilized in this work will allow scaled production of ordered aligned nanofibers
with high throughputs. The versatility of this method is highlighted by our ability to
seamlessly integrate a post-drawing processing step directly into the manufacturing
platform. Thousands of nanofibers can be individually drawn and assembled into larger,
more robust structures for easier handling and materials characterization [47]. Further,
our custom-built automated track system allows us to untangle the molecular chains in
nanofiber as it is drawn to smaller diameters, which endows similar strength and stiffness
seen in the post-drawing of microfibers. Through this process, mechanical, electrical, and
thermal properties can be enhanced. For example, if the molecular knots in highmolecular-weight polyethylene (HMWPE) nanofibers were untangled via the post-

18

drawing process, the polymer can result in improved thermal conductivity from the
formation of highly aligned parallel chains along the fiber length [65]. To do this,
dissolved polymer powder in a solution allows the coiled chains to expand, and the postdrawing system untangles the coiled chains. It is anticipated that these lightweight, lowcost, high strength, and high stiffness nanofibers can be used in laminates and laminated
composites, replacing or strengthening traditional inorganic or polymeric glass for
applications in automotive, buildings, electronics, etc.
Green manufacturing: To develop a new method for upcycling discarded lignin
byproduct, the aromatic material found in the biorefinery process waste negatively
impacts the economic sustainability of the biorefinery. Lignin is abundant, low-cost
biomass, non-toxic and biocompatible polymer obtained as a byproduct of paper and
growing lignocellulosic ethanol industries.

The utilization of lignin for high-value

products will improve biorefinery cost-effectiveness and sustainability significantly [66].
Our method first involves mixing lignin waste with a binder solution that allows the
solution to become spinnable. Next, the method utilizes a trackspinning process to create
a lignin nanofiber in the shape of a highly aligned nanofiber array mats for carbonization
to produce high-quality carbon fiber [67]. The high-throughput fabrication of lignin
nanofibers has been studied to replace the need for petroleum-based precursors for carbon
fiber production. It can substantially increase yield production of enhanced carbon
nanofiber, ultimately, lowering the end cost. This allows lignin waste to be processed into
higher quality parts in automotive and aerospace applications. Lignin waste has
historically been landfilled and burned or downcycled. Our study effectively adds value
to Kraft lignin waste and spin them into value added nanofibers that are very difficult to
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melt spin [61]. This could pave the way for the industry to begin up-recycling lignin
waste for many relevant structural applications.
1.7

Project Overview and Objectives
The overall project aims to identify alternative approaches and systems capable of

generating highly aligned, post-drawn nanofibers from a wide range of materials. Our PI
first proposed an innovative automated track system for the continuous manufacturing of
ordered nanofibers. Polycaprolactone (PCL), a biodegradable, semi-crystalline polymer,
was the first electrospun and post-drawn nanofiber using this approach. To extend
nanofiber processing capabilities further, we implemented for the first time the automated
track collection approach to centrifugal spinning and direct drawing. This synergetic
coupling approach will bring the benefits of high throughput and fiber placement to the
continuous and scalable manufacturing of nanofibers. Subsequent, improved automatic
track systems were designed, built, and validated experimentally to be viable alternatives
for the production of highly aligned, post-drawn nanofibers. The updated trackspinning
systems represent an improvement in manufacturing capabilities without the need for
high voltage. Our prototype designs have shown to be consistent with electrospinning to
effectively constructed organized structures through centrifugal spinning. At the same
time, highly viscous polymer solutions or melts can be directly drawn by the
trackspinning method.
Objective 1: Investigate the macromolecular orientation mechanics associated
with post-drawing processing of electrospun SF nanofibers. Establish an automatic track
system to fabricate post-drawn protein-based nanofibers as a versatile and scalable
nanomanufacturing technique [68]. Study the molecular orientation behavior of the self20

assembled beta-pleated sheets in the highly aligned B. Mori silk fibroin nanofiber using
Fourier-transform infrared (FTIR) microspectroscopy. Evaluate the fractions of
secondary structural components, including random coils, alpha-helices, beta-pleated
sheets, turns, and side chains using polarized attenuated total reflection (Pol-ATR) and
Fourier self-deconvolution (FSD). Employ thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) to investigate the thermal stability and melting
activity of SF nanofibers.
Objective 2: Investigate macromolecular orientation mechanics associated with
post-drawing processing of centrifugal spun PAN nanofibers (and PAN-based carbon
fibers). Implement the automated track system to centrifugal spinning polyacrylonitrile
(PAN), a carbon fiber precursor, nanofibers. Suitable and efficient rotary headpieces were
designed and modeled to mitigate fiber breakage and fiber misplacement as high
projecting velocities result in random alignment. As new nanofibers are produced, ample
time must be provided so that nanofibers can be collected and post-drawn without
knocking into each other. Ideally, the head size should be small, smooth, and have a nonprotruding profile that minimizes additional air velocities that may affect nanofiber
trajectory and collision.
Objective 3: Design a continuous trackspinning system with capabilities to postdraw fibers in the semi-solid and solid-state without high voltage. Taking an automated
tracked approach, we replaced a non-continuous manual drawing method comprising of
either compressing (or touching) plates or an array of dipping probes (or needles) with
rotating belts (with or without bristles) for the continuous fabrication and collection of
highly aligned nanofibers. The relationship between morphology and viscosity/diameters
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were investigated using various polymers. Demonstrate the capacity that the novel
automated track system can continuously produce post-drawn nanofibers with effective
control over the direction of the fiber comparable to electrospinning.
Objective 4: Use lignin as a bio-based precursor to replace the need for
petroleum-based precursors for carbon fiber production. Fabricate low-cost, green, ligninbased carbon fibers using our trackspinning technology. In combination, lignin fibers
spun from water-based lignin solution can have beneficial environmental impacts and
economic benefits, ultimately lowering the end cost. Investigate the effects of applied
concentration, collector distance, rotation speed, and draw ratio (DR) on morphology
using SEM and mechanical analysis. Analyze structural properties and functional groups
with polarized Fourier transformed infrared spectroscopy (pol-FTIR).
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Chapter 2
Bioinspired Silk Fiber Spinning System via Automated Track-Drawing
2.1

Introduction
Regenerated silk fibroin (SF) fiber is a multifaceted-protein matrix suitable for

engineering a wide variety of biological materials. Numerous artificial spinning systems
have been developed to mimic the molecular structure and hierarchical properties found
in native silks. Here, we show a bioinspired technique that can readily form nanofibers
and induce both orientation and structure formation of crystalline β-sheet assemblies seen
in natural silk. In this study, electrospun post-drawn SF nanofibers were fabricated using
an automated track-drawing (TD) approach for the continuous production of highly
aligned protein nanofibers. This one step post-drawing process simulates the dominant
pulling force seen in natural spinning. The mechanical performance of the post-drawn SF
nanofibers with a draw ratio of two (DR2) via TD exhibited a 115% increase in Young’s
modulus and an 80% increase in ultimate tensile strength, compared with the undrawn SF
fibers after water treatment. It was also determined that the intermolecular β-sheet
content in DR2 nanofibers increased by 75%. This contribution led to higher glass
transition and degradation temperatures. These biomimetic fibers with structural
hierarchy and mechanical properties may be used to build high-performance load-bearing
and directionally propagating structures relevant in biomaterial and sustainable material
applications.
An automated TD process was proposed and developed as a biomimetic approach
to fabricate highly aligned SF nanofibers (Figure 2). Polarized FTIR was used to study
the orientation behavior of the self-assembled β-pleated sheets in the highly aligned B.
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Mori silk fibroin nanofiber during the post-drawing process. To evaluate the percentage
of secondary structural components, the Fourier self-deconvolution (FSD) fitting method
was used to calculate the difference in fraction of random coils, alpha-helices, β-pleated
sheets, turns, and side chains found in the Amide I and II bands of each SF sample.
Having increases in crystalline β-sheets within polymers is an advantageous trait for
many applications, as it results in enhanced mechanical and thermal properties in the
polymeric materials [69]. Understanding the orientation behavior of the β-sheets structure
in highly aligned SF nanofibers is essential to revealing the microstructural change of silk
during post drawing that can offer remarkable material property enhancements in highperformance fibers (Figure 2 D). The study found that the mechanical drawing process
alters the conformational transitions in post-drawn silk fibers through changes recorded
in the first and second-derivative IR spectra. The findings exhibited a correlation between
the mechanical strength and degree of orientation of crystalline forms in post-drawn SF
fibers by TD. Furthermore, the corresponding differential scanning calorimetry (DSC)
and thermogravimetry analysis (TGA) results and degradation characteristics reflect the
influences of posting drawing after water annealing treatment.
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Figure 2. (A) Schematic illustration of the automated track-drawing (TD) apparatus. (B)
Photograph of the automated TD system coupled with a parallel collection rack for
producing highly aligned post-drawn silk fibroin (SF) nanofibers in ambient air. The
draw ratio can be adjusted by modifying the track angle. (C) Diagram of the
electrospinning post-drawing process. The automated TD system allows for the
continuous post-drawing and collection of individual SF nanofibers. Electrospun
nanofibers suspended over the top, initial gap of length (L1) between the rotating tracks
were then post-drawn to a final length (L2) at the bottom of the tracks. As the uniaxially
aligned nanofibers reach the bottom, a stationary rack or transparency sheet is present to
collect the fibers in tension. Varying draw ratios of nanofibers can be obtained by simply
changing the angle of the tracks. (D) Schematic illustration of the macromolecular
alignment of post-drawn nanofibers during polymer-solvent evaporation and water
annealing.
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2.2

Experimental Section
2.2.1 Fabrication of regenerated silk fibroin nanofiber and electrospinning

parameters. Raw B. Mori silkworm cocoons were purchased from Treenway Silks
(Lakewood, CO, USA). In this work, the raw silk cocoons were first cut into pieces and
degummed (boiled) two times in 0.02 M sodium bicarbonate (NaHCO3) (Sigma-Aldrich,
USA) solution at 100 °C for 20 min and washed (rinsed) with Milli-Q water to remove
(dissolved) the sericin coating from the surface of the silk fibers. The degummed SF
fibers were then collected, and air-dried for 48 hr. After drying, the SF fibers were
solubilized in a binary solvent system of formic acid (FA) (98%, Millipore Sigma, USA)
and 4% (w/w) calcium chloride (CaCl2) (Sigma-Aldrich, USA) with vigorous mixing (on
a Vortex shaker) for 20 min., which yielded a final SF concentration of 15% (w/v).
Before electrospinning, the regenerated SF solutions were centrifuged at 1000 rpm for 15
min to remove excess air bubbles from the previous shaking and loaded into a 5 mL
syringe. For the spinning parameters, the solutions were then spun from a 21-gauge
needle at an applied voltage of 13 kV, a needle to target distance of 12 cm (from the tip
of the syringe to the top of the tracks), and a 0.05 mL/h feed speed. All as-spun and postdrawn SF nanofibers were electrospun in a custom, closed acrylic chamber housed in the
fume hood. The environment inside the chamber was set with a temperature and relative
humidity of 25 °C and 50%, respectively. Following previously established methods [7072], the SF samples were vacuum-dried at room temperature for 48 h to evaporate the
residual solvent (formic acid) before water annealing treatment. To remove the CaCl2 and
any additional residual FA [73], the SF samples were washed twice for 3 h and soaked in
Milli-Q water for 24 h and dried again before analysis.
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2.2.2 Morphological and mechanical characterization. The morphology of the
SF nanofibers was observed using a Phenom Pure SEM instrument (Nanoscience
Instruments, AZ, USA). Images were analyzed using Image J software to determine fiber
diameters. The surface morphology of post-treated regenerated SF nanofibers was
observed using a Phenom Pure scanning electron microscopy (SEM: Nanoscience
Instruments) at 5 kV accelerating voltage. To improve the resolution of the images, all SF
nanofibers were made electrically conductive by sputtering coating a thin layer
(covering) of gold using a Cressington 108 Auto Sputter Coater (Watford, England). The
average fiber diameter of the nanofibers was determined using an image analysis
software. The mechanical properties of the silk nanofibers and films were measured using
a Shimadzu EZ-SX universal tensile tester (Kyoto, Japan) with a 2 N load cell at room
temperature. The gauge length and extension (cross-head) speed were fixed and set at 10
mm and 3 mm/min, respectively, for all measurements. Five independent measurements
from each SF type were tested until sample failure, and the reported values were
averaged. From the resultant stress-strain curves, the maximum load, Young’s modulus,
percentage extension at break, and yield stress were determined.
2.2.3 Fourier-transform infrared (FTIR) spectroscopy. Fourier Transform
Infrared (FTIR) spectra of SF nanofibers and film samples were measured with a Thermo
Scientific IS50 Nicolet FTIR spectrometer (MA, USA) equipped with a standard KBr
beamsplitter and an infrared ZeSe wire grid polarizer. The polarized FTIR was operated
in transmission mode with 128 scans at a resolution of 4 cm-1 in the wavenumber range
between 4,000 and 400 cm-1. For the polarization experiments, various collected mats of
aligned SF nanofibers were irradiated with a polarized infrared beam parallel (0°) and
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perpendicular (90°) to the fibers axis.[68] The IR transmission spectra of the two
polarization conditions were recorded, where parallel absorption (A||) was obtained by
electric vector direction of the polarized parallel (0°) IR beam and perpendicular
absorption (A⊥) was obtained by electric vector direction of the polarized parallel (90°)
IR beam. When the polarized electric field contacts the material, the peak intensity
reaches its maximum when the chemical bonds reside or are oriented in the same
direction [68]. Omnic spectra software (Thermo Fisher Scientific, USA) was used to
record the spectra and analyze the peak intensity of absorbance, after baseline correction
and normalization, to determine the degree of macromolecular (polymer chain)
orientation with the effect of post-drawing treatment at changing draw ratios. To find the
degree of molecular orientation, dichroic ratios (R) of each band was calculated
according to the following equation (Eq. 1) [74, 75]:
R = A|| / A⊥

(1)

where A|| and A⊥ are the integrated absorbance of parallel (0°) and perpendicular (90°)
peak intensities. As such, the values of R > 1 represent chemical bonds absorbance
oriented parallel to the fiber axis (or draw direction), and the values R < 1 represent
chemical bonds absorbance oriented perpendicular to the fiber axis. While the value of R
= 1 reflects an isotropic material. The molecular order parameter < P2 >, or the
orientation factor, was then calculated using the R to determine the orientation correlation
of the polymer chain backbone to the fiber axis (Eq. 2) [74, 76].
< P2 > = (R – 1) / (R + 2)
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(2)

For an isotropic material with no orientation, < P2 > = 0. While values close to < P2 > =
1 represent β-sheets that align perfectly parallel with polymer chain backbones with the
fiber axis, such as the angle between the fiber axis and the C-N-H transition moment is
near zero (σ = 0°). For values close to < P2 > = -0.5, β-sheets with polymer side chains
reside perfectly perpendicular to the fiber axis, such as the angle between the fiber axis
and the C = O transition moment is near σ = 90°.
2.2.4

Differential

scanning

calorimetry

(DSC).

Differential

scanning

calorimetry (DSC) measurements were performed on a TA Instruments DSC Q100 (TA
Instruments, (DE, USA) with a refrigerated cooling system to examine the thermal
behavior of SF nanofiber and film samples. Samples of 6 mg were cut (from fibers and
films), encapsulated in an aluminum pan, and heated from -25 to 400 °C at a heating rate
of 2 °C/min for standard mode DSC measurements under a nitrogen atmosphere with the
flow rate of 50 mL/min, while temperature-modulated differential scanning calorimetry
(TM-DSC) tests were heated at an underlying heating rate of 2 °C min-1 with a
modulation amplitude of 0.318 °C and period of 60 s. The equipment was calibrated with
an empty cell to form a baseline, an indium standard to characterize the temperature, and
a sapphire reference standard to characterize the heat flow and heat capacity of the
system.
2.2.5 Thermal gravimetric analysis (TGA). Thermogravimetric analysis (TGA)
was carried out on a TA Instruments TGA Q600 (DE, USA) to analyze the thermal
stability of the SF nanofibers and film samples. The SF samples were cut, and weights of
12 mg were placed into ceramic pans before loading. The analysis was conducted under a
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continuous nitrogen purge of 50 mL/min from 25 °C to 600 °C with a heating rate of
5 °C/min. Universal Analysis software was used for data acquisition and processing.
2.2.6 Statistical analysis. The reported values of all experiments have been
averaged over at least five (n = 5) independent measurements. The data are expressed as
means ± standard errors of the mean, and statistical analysis was performed using
statistical software OriginPro 8 (Originlab Corporation, USA). Pairwise comparisons
between groups and within groups were conducted using Mann–Whitney tests. A value
of P < 0.05 was considered statistically significant.
2.3

Results and Discussion
2.3.1 Automated track-drawing system. The schematic illustration of track-

drawing and a photograph of the automated TD apparatus can be seen in Figure 2 A-B.
Through track-drawing, hundreds of individual electrospun nanofibers can be post-drawn
simultaneously and collected onto a static collection rack, sheet, or fixture for analysis
(Figure 3 A-B). The TD apparatus consists of two rotating tracks that were angled at the
top for the function of drawing nanofibers as they proceed down the widen bottom tracks
[77]. Two stepper motors were employed to rotate the two grounded, stainless-steel mesh
tracks (Figure 2 C). In this study, the draw ratio (DR = final fiber length / initial fiber
length) between the bottom and the top tracks were set as 1:1, 1:1.5, and 1:2, designated
as DR1 (undrawn), DR1.5, and DR2, respectively. For all TD collections, the initial track
gap length was fixed at 5 cm and the final track gap length adjustable to 10 cm to
examine the structural changes for a broad range of draw ratio (DR1 = 5 cm, DR1.5 = 7.5
cm and DR2 = 10 cm). The effect of post-drawing conditions on the structure and
properties of electrospun SF nanofibers were investigated by varying first stage draw
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ratio during the semisolid state before complete solvent evaporation and collection. Five
samples (n = 5) of each condition were collected and mounted on plastic frames
measuring 1 cm by 1 cm for structural analysis, which included: Random mesh (control),
draw ratio = 1 (DR1, undrawn), draw ratio = 1.5 (DR1.5), draw ratio = 2 (DR2)
nanofibers, and Film samples.
2.3.2 Structure and appearance of highly aligned post-drawn nanofibers.
Morphological changes of the as-spun and post-drawn SF nanofibers were observed by
SEM. The scanning electron micrographs of electrospun random (control), DR1
(undrawn), DR1.5, and DR2 SF nanofibers are shown in Figure 3 D. From the SEM
images, all electrospun SF nanofibers exhibited a uniform and smooth fiber structure
without beading or necking. Nanofibers collected with the automated TD apparatus
demonstrated a predominately well-aligned orientation, while nanofibers obtained on a
static aluminum plate had large variations of orientation in all directions. The SF random
nanofibers showed a slight undulating (wave-like) shape, with no beading or pitting. For
the parallel spun nanofibers, SEM images showed predominantly smoother and straighter
fiber structures than the random as-spun nanofibers. Post-drawing nanofibers, especially
at high draw ratios, did seem to improve overall fiber alignment and structure. No
apparent cracks, granules, or irregular voids on the fiber surface were found in all the
post-drawn nanofibers. The average fiber diameters of the electrospun SF nanofibers are
shown in Figure 3 E. As the fibers are drawn from DR1 to DR2, the average diameter of
fiber showed an overall reduction from 626 to 502 nm. The diameter reduction resulting
from fiber thinning with fiber elongation followed the predicted conservation of volume
model closely.
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With the continuous mechanized collection and in-line stretching of electrospun
nanofiber, the automated TD allows for thousands of fibers to be post-drawn
simultaneously with high consistency. Generally, as the fibers are lengthened to higher
DR, the surface of the drawn fibers became smoother, as the rough and bumpy surfaces
disappear. The influence of drawing and the plasticization (molecular mobility) by CaCl2
allows the entangled globular and fibrillar physical structures in the post-drawn SF fiber
to straighten, resulting in more uniform fibers. Consequently, to remove the calcium and
chloride ions in the regenerated SF nanofiber, which inhibits the assembly of β-sheets,
nanofibers were soaked in DI water. Established in previous studies, the immersion of SF
in water or alcohol-based coagulants has shown to increase the β-sheet content in the
nanofiber [78-80]. During this annealing (soaking) process, protein molecules can
reorient and reassemble. With improved realignment and intermolecular interaction of the
inter-backbone hydrogen-bonding networks, major improvements can be seen in the
material rigidity and mechanical properties.
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Figure 3. (A) Photograph of individual electrospun SF post-drawn nanofibers suspended
across two rotating tracks being stretched and drawn down the tracks for collection. (B)
Photograph of thousands of uniaxially aligned nanofibers being continuously collected on
a black sheet for contrast. (C) Photograph of highly aligned post-drawn SF nanofiber
DR2 mat collected on a collection rack with the ability to control mesh size for tissueengineering and filtration applications. Nanofibers can be continuously post-drawn and
deposited onto various collection frames or spools of complicated shapes and structures
by tilting or angling the collection geometries. (D) SEM images show electrospun SF
nanofiber morphology collected with the automated TD system for draw ratio of 1
(undrawn), DR1.5, DR2, and Random (control sample, collected on a flat plate). (E)
Table shows the post-drawn fiber lengths at initial and final and the average fiber
diameters with their standard deviation (n = 5). All scale bars = 10 μm.
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2.3.3 Mechanical properties. The mechanical properties of as-spun and postdrawn SF nanofibers with increasing draw ratios were tested. Figure 4 B plots typical
strain-stress curves of the drawn and undrawn SF nanofibers. Figure 4 C-D shows the
tensile strength, Young’s modulus, yield stress, and breaking elongation derived from
stress-extension curves. The results indicate that tensile moduli and strengths are
increased as fibers are drawn at greater lengths using the TD system. The tensile strength
value of 0.64 GPa obtained for the DR2 sample was markedly higher than those obtained
by DR1.5 and DR1(undrawn). Between the undrawn samples, as-spun Random SF
nanofibers showed the lowest tensile strength with 0.12 GPa. In comparing DR1 to DR2,
there was a 115% increase in the Young’s modulus from 1.05 GPa to 2.27 GPa and an
80% increase in the ultimate tensile strength from 0.36 GPa to 0.65 GPa, respectively. In
a similar manner, an overall 85% increase in yield stress was also observed from DR1
(0.30 GPa) to DR2 (0.56 GPa) samples. It should be noted that there is a trade-off
between tensile strength and elongation at break with an overall reduction in elongation
at failure from Random to DR2 at values of 0.40% to 0.28%, respectively. The
mechanical properties of drawn fibers are greater than those of undrawn, which can be
attributed to the degree of molecular orientation and parallel arrangement of aggregated
secondary structures, which leads to less slippage of chains under loading. As the fiber is
drawn down and lengthened, the physical arrangements of the amorphous and crystalline
regions become more ordered, and the physical interactions among polymer chains and
secondary structures become untangled and more closely arranged.
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Figure 4. Mechanical properties of electrospun and post-drawn SF nanofibers. (A)
Photograph of DR1, DR1.5, DR2 electrospun SF nanofiber mats. (B) Stress-strain curve
for Random mesh (control), DR1 (undrawn), DR1.5, and DR2 SF nanofibers. (C-F)
Ultimate tensile stress, elongation at break, modulus of elasticity, and yield stress were
calculated from the stress-strain curves (n = 5). The connected lines denote statistically
significant differences obtained from Mann-Whitney analysis of all group to group
comparison, P < 0.05.

2.3.4 Fourier-transform infrared (FTIR) analysis. Infrared spectroscopy was
used to characterize the conformational transitions in the secondary structures of SF after
post-drawing. FTIR absorbance spectra were taken as a function of draw ratio in the
frequency range 1800-1400 cm-1 for electrospun DR1, DR1.5, and DR2 nanofibers
samples in Figure 5. In addition, the infrared spectra of SF film and Random mesh
samples are also shown. According to numerous studies, the FTIR spectrum of SF has
strong absorption bands between 1700-1500 cm-1 that refer to the absorption of the
peptide backbones in region 1700-1600 cm-1 for Amide I and 1600-1500 cm-1 for Amide
II [72, 81, 82]. Generally, the Amide I peak positions at 1610-1623 cm-1 (β-sheet
conformation) and 1640-1654 cm-1 (random coil conformation) corresponds to the C=O
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stretching vibrations of the protein backbones. In contrast, the Amide II absorption bands
at 1510-1520 cm-1 (β-sheet conformation) and 1535-1545 cm-1 (random coil
conformation) are attributed to the side chain groups and out-of-phase vibrations from the
C-N stretching and the N-H in-plane bending [83, 84]. These two major regions are
typically used for the structural and quantitative analyses of silk I and silk II secondary
structures.
After post-treatment with water annealing, electrospun SF DR1.5, and DR2
nanofibers and Film samples showed high absorption intensities in the Amide I and
Amide II regions, indicating the presence of secondary protein structures (Figure 5 A),
while electrospun SF DR1 and Random mesh nanofibers showed more broadening peaks.
For the water treated SF Film in the Amide I region, the peak position has shifted to 1620
cm-1 (from 1640 cm-1), while for SF nanofibers, the peak was centered around 1626 cm-1
indicating the presence of intermolecular β-sheet crystal structure. Whereas, the water
treated SF Film in the Amide II region was shifted to 1513 cm-1 (from 1520 cm-1), while
SF nanofibers were center around 1523 cm-1. To find the percentage secondary structure
in regenerated SF samples, a quantitative analysis on the Amide I band was calculated
using the FSD fitting method. To clarify, an example of the FSD curve-fitting method on
the Amide I region of DR2 (drawn) nanofiber is shown in Figure 5 B. FSD curve-fitting
examples for SF Random (control), DR1 (undrawn), DR1.5 (drawn), and Film (casted)
samples are shown in Figure 10. In Figure 5 C, the table shows the percentages of
secondary structures in SF film and nanofiber samples calculated from the second
derivative and the area of each fitted peak in the Amide I spectra. A significant increase
in intermolecular β-sheets from 17.4% DR1 (undrawn) to 30.5% post-drawn DR2 was
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observed, as well as a slight rise in intramolecular β-sheets from 17.2% to 22.0%,
respectively. Meanwhile, the random coils content of undrawn DR1 SF nanofibers
showed a decrease from 32.0% to 18.0% post-drawn DR2 during the post-drawing and
FA regeneration (annealing) process. Post-drawn DR1.5 SF nanofibers also followed a
similar pattern with improvements in intermolecular and intramolecular β-sheet content.
No significant differences between the random mesh (control) and DR1 (undrawn) SF
nanofibers were observed in the intermolecular β-sheet content, except for a minor
variation in the intramolecular β-sheet content. A suggested silk transformation process
model will be described and shown in the post-drawing mechanism section.
The characteristic FTIR absorbance spectra of the Amide I and Amide II bands
allow us to follow the crystalline phase conformational transitions and determine the
secondary structure content induced mechanically and by dehydration process in the SF
nanofiber and film samples. Using the FTIR deconvolution method, SF DR2 nanofibers
showed relatively higher crystallinity and crystalline orientation, while Random mesh
nanofibers were more amorphous. A detailed structure assessment can be found in Figure
5 C, listing the contents of secondary structures. From the table, the β-sheet content of
post-drawn DR2 was 52% higher compared to that of DR1 (undrawn) SF nanofibers. In
comparison, the total β-sheet content of Random mesh (control) and DR1 (undrawn) SF
nanofibers does not have noticeable changes. Also, the inter-molecular β-sheet content of
post-drawn DR1.5 was equally as high as that of DR2 compared to undrawn nanofibers.
As the automated tracks draw down electrospun nanofibers, shearing and elongational
forces cause strands of protein to come in close proximity leading to the orientation of
crystalline and molecular structures along the stretched direction. This molecular
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movement of the amorphous regions allows for the formation and generation of silk II
structure (β-sheet secondary structure) and reorganization of intermolecular hydrogen
bonds in the fibril bundles of drawn silk fibers after water treatment. Therefore, the
automated TD approach can promote the formation of oriented β-sheets. Thus, these
microstructure changes result in the construction of more rigid nanofibers, which also
correspond to the mechanical analysis.

Figure 5. (A) FTIR absorbance spectra of electrospun DR1 (undrawn), DR1.5, DR2,
Random, and Film regenerated SF samples. (B) Fourier self-deconvolution (FSD) Amide
I spectra with curve fitting for post-drawn DR2 SF nanofibers. The dashed lines represent
the fitted peaks, the red dashed curve represents the summed peaks, and the black solid
curve represents the original spectra. (C) Table shows the percentages of secondary
structures in various regenerated SF nanofibers and film samples, calculated by an FTIR
deconvolution method.
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2.3.5 Structural and orientation changes induced by post-drawn treatment.
To evaluate the changes in polymer backbone orientation with post-drawing, polarized
Fourier-transform infrared spectroscopy (FTIR) was used to examine the amide groups of
the SF nanofibers. Polarized FTIR provided an effective way to study the orientation
behavior of β-sheet crystallites. The schematic diagram for the acquisition of 0° and 90°
spectra is shown in Figure 9. For degummed silk, it is mainly composed of fibroin, which
mostly consists of anti-parallel β-sheet crystallites and random coil (amorphous) region
[85]. The β-sheet crystallites of fiber are recognized as an orthorhombic or monoclinic
unit cell (γ = 86°), with a = 0.944 nm for the interchain direction (hydrogen bonding), b =
0.895 nm for the intersheet direction, and c = 0.700 nm for the fiber axis direction [74,
86]. β-sheet crystallites are highly organized and predominantly orientated parallel to the
natural silk fiber axis [87]. The β-sheet crystallites are generally formed by the alaninerich and glycine-rich polypeptide chains, while hydrogen bonds assemble the chains in an
anti-parallel arrangement [88, 89]. There are amide groups in the backbone of β-sheets
that contribute to amide bands in infrared spectroscopy. The Amide I band is dominated
by C=O stretching vibration, and its transition moment is nearly perpendicular along the
β-sheets backbone [74]. While the Amide II band is predominated by the N-H in-plane
bending and C-N stretching vibrations (C-N-H vibrations for short), and both
approximately parallel to the β-sheets (Figure 9). By differentiating between Amide I and
Amide II bands, the orientation behavior of the β-sheets can be obtained by investigating
the orientation degree of C=O and C-N-H transition moments [74]. The molecular order
parameter of β-sheet precursors in Amide II (approximately at 1515 cm-1),[90] and the
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molecular orientation component of β-sheet crystalline in Amide I at 1616 cm-1 could be
a marker to reveal the molecular evolution associated with the post-drawing of SF.
From the polarized FTIR spectra (Figure 6 A-E), the most intense bands with
dichroic properties are the Amide I and II vibrations with absorption bands between
1700-1500 cm-1. Changes in the dichroic ratio for the carbonyl (C=O) stretching vibration
of the β-sheets at wavelength 1620 cm-1 were observed with increasing draw ratio. The
carbonyl absorption intensities for SF nanofibers collected on the TD apparatus were
greater when the FTIR beam was polarized perpendicular to the fiber axis, suggesting
that the carbonyl is more aligned normally with the direction of the silk fiber axis at 90°.
While, the peak at 1510 cm-1 related to the vibrations of N-H bending and C-N stretching
of the β-sheets showed greater absorption intensities at 0°, indicating that the C-N-H is
more aligned parallel along the silk fiber axis with maximum absorbance at the parallel
absorption. Since the transition moment of C=O is rigid and perfectly aligned
perpendicular to the polymer chain backbone at a right angle (90°), a correction is not
needed to determine the dichroic ratio for a polymer backbone with optimal orientation in
the direction of the fiber axis. An example of the decomposition of both amide bands was
employed to obtain quantitative information on the orientation structure of silk nanofiber
[74, 91, 92]. The spectra deconvolution results of post-drawn DR2 SF nanofibers at 0°
and 90° are shown in Figure 6 D-E. For joint Amide I and II, curve-fitting examples of
undrawn DR1 and post-drawn DR1.5 SF nanofibers from 1725-1425 cm-1 recorded at 0°
and 90° can be found in Figure 11. More details about the position, assignment, and the
value of the molecular order parameter < P2 > of the individual band are given in Table
2.1.
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The component within 1620-1616 cm-1 was assigned to β-sheets, and 1513-1511
cm-1 was considered to be the combination of water-inaccessible and water-accessible βsheets (interphase β-sheets) [74, 76]. The peaks at 1647-1639 cm-1 and 1536 cm-1 belong
to the random coils, and the peaks at 1437 cm-1 and 1406 cm-1 belong to the side chain, in
previous studies [93]. Additionally, the 1699-1698 cm-1 component was assigned to
weak β-sheets and β-strands. From Table 2.1, the crystalline β-sheets of drawn DR2
nanofibers have shown to be slightly more orientated along the fiber axis with < P 2 >
value of -0.25 for 1620-1616 cm-1 component, and the amorphous region (random coil)
with < P2 > close to zero showed no orientation. The molecular order parameter of the
1513-1511 cm-1 band is also slightly higher, with a value of 0.24 compared to the
undrawn of 0.16. After drawing, the < P2 > for Amide I (1513-1511 cm-1) exhibited a
more positive value indicating an increase in parallel alignment along the fiber axis,
while the < P2 > for Amide II (1620-1616 cm-1) showed a more negative value
indicating that the polymer side chains were oriented toward the perpendicular direction
of the fiber axis suggesting an overall improvement in the alignment of crystalline βsheets. The < P2 > value calculated from 1699-1698 cm-1 presented a higher value from
0.05 (DR1) to 0.15 (DR2), which indicated a higher degree of orientation parallel to the
fiber axis. To help visualize the details, the assignment and the value of molecular order
parameter < P2 > of each band is plotted against the draw ratio in Figure 6 F. Given the
results of crystalline β-sheet content and changes in dichroic ratio, this indicates that the
orientation of the molecular protein chains of DR2 is promoting the formation of ordered
β-sheet structures along the fiber axis. While the effect is limited, the orientation of
molecular chains evidently showed increases for drawn nanofibers.
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Figure 6. (A-C) Polarized FTIR spectra of electrospun DR1 (undrawn), DR1.5, and DR2
regenerated SF nanofibers obtained with the electric field at different angles with respect
to the fibers, 0° (electric field is parallel to the fiber), 15°, 30°, 45°, 60°, 75°, and 90°
(electric field is perpendicular to the fiber). (D-E) A joint Amide I and II curve-fitting
example for the polarized FTIR spectra of post-drawn DR2 SF nanofibers from 17251425 cm-1 recorded at 0° and 90°. The black solid curve represents the original spectra,
the colored solid lines represent the fitted peaks, and the red dashed curve represents the
summed peaks. (F) Plot of polarized FTIR derived molecular order parameters < P2 > of
1698.5 ± 1, 1643 ± 4, 1618 ± 2, 1536 ± 1, 1512 ± 3, 1437 ± 1, and 1406 ± 1 cm -1
components for DR1, DR1.5, and DR2 SF nanofibers.
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Table 1
Assignment, percentage, preferential orientation, and conformational transition in
secondary structure of SF obtained from polarized ATR spectra

2.3.6 Thermal analysis. In addition to enhanced mechanical properties, the postdrawing process has led to remarkable changes in the formation of hierarchical structures
in the SF nanofibers, which directly affects the thermal behavior of the fiber. Standard
DSC and temperature modulated DSC (TMDSC) measurements were performed to
evaluate the phase behavior and influence of TD on the thermal properties of the postdrawn SF nanofibers. The melting endotherms obtained for the various SF nanofibers at
different draw ratios and film samples are shown in Figure 7. During the initial heating
scans, DSC thermograms of SF Film, Random, DR1 (undrawn), and DR1.5 (drawn)
nanofibers displayed a noticeable single endothermic peak associated with the typical
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low-boiling bound solvent evaporation peak (Td1) in the 60-100 °C (333-373 K)
temperature range. For temperatures after the Td1 region, the baseline in all DSC scans
remains relatively flat until reaching the glass transition temperature (Tg) region, and
lastly, the degradation temperature (Td2) region as depicted in Figure 7 A. To investigate
the reversible thermal properties of the SF materials near the Tg regions, the heat capacity
increases (ΔCp) were determined from their respected TMDSC curves in Figure 7 B.
From the TMDSC curves, all SF samples showed clear ΔCp relative to their Tg regions.
The results (Tg and ΔCp) obtained from the DSC thermograms are listed in Figure 7 E.
Subtle changes were found in the glass transition temperature of drawn and undrawn SF
samples with increases in draw ratio showing a Tg trend of Random < DR1 < Film <
DR1.5 < DR2. It should be noted that the Tg value of SF Film was slightly higher than
those of SF Random and DR1 (undrawn) samples. Consequently, the heat capacity
increments ΔCp at Tg of drawn SF nanofibers are also higher than those of undrawn
nanofibers and film samples, with a ΔCp trend of DR1 < Random < Film < DR1.5 < DR2.
The ΔCp is inferred as the average chain mobility of the SF protein secondary structures
that gives an indirect measurement reflecting the number of freely rotating bonds on the
chain conformation [85]. From the DSC results, the effect of draw ratio on the thermal
behavior suggests that the post-drawing SF nanofibers could alter the protein chain
arrangement into a more ordered structure, such as an intramolecular β-sheet structure.
The table also summarizes the Td2 values of all SF nanofibers and film samples, with an
order of Random < DR1 < Film < DR1.5 < DR2. The Td2 values of SF DR1.5 and DR2
nanofibers (273.15 and 273.65 °C, respectively) were found to be significantly higher
than those of SF Random and DR1 nanofibers, indicating that drawn nanofibers were
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more thermally stable than undrawn nanofibers, which is consistent with previous wetspinning studies [62].
Thermogravimetric analysis measurements were also conducted on the various SF
nanofibers and film samples to evaluate how thermal stability can be affected by
structural intermolecular interactions. The mass percentage changes, and the first
derivative thermogravimetry (DTG) curves are shown in Figure 7 C-D. The thermal
transition temperatures under increasing draw ratios are summarized in Figure 7 E. The
TGA and DTG curves can be divided into three subsequent regions, characterized by
their respective mass loss rates. From Figure 7 C, there was no significant weight loss
when the temperature was raised from 50 °C to 150 °C that is attributed to the
solvent/water evaporation of bound molecules for all samples, as similar results were
observed in the above DSC study (Td1). After that, no significant mass losses between
150 °C to 280 °C were detected. At 280 °C, a fast decrease in mass was recorded for all
samples until 400 °C, which is associated with thermal fibroin degradation. The bound
solvent/water content (Tw), onset temperature of decomposition (Td), middle degradation
temperatures (Tdm), and remaining mass at 400 °C are shown in Figure 7 E. A weight loss
of about 9.8 ± 0.2 was detected around 50 to 150 °C for all samples associated with the
evaporation of bound solvent/water. At 300 °C, the maximum weight loss for all samples
was observed with a difference of 15 °C between them. From Figure 7 D, SF Random
samples had an earlier mass loss during the maximum degradation stages, compared to
the aligned SF nanofibers (DR1) and film sample, with a Tdm trend of Random < DR1 <
Film < DR1.5 < DR2. As the temperature is increased further to 400 °C, the mass residue
started to level off, giving the remaining mass (%). At 400 °C, the SF Random mesh
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samples had a remaining mass of about 24.58%, compared, compared to the post-drawn
SF nanofibers (DR2) had a higher mass residue content of 26.71%. Therefore, it was
found that the SF drawn nanofibers had higher thermal degradation temperature and the
remaining mass content than undrawn samples. This implies that the SF intermolecular
and intramolecular β-sheet content can be induced and orientated through the postdrawing process, leading to higher thermal stability.
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Figure 7. (A) Standard DSC scans of electrospun DR1 (undrawn), DR1.5, DR2, Random,
and Film regenerated SF samples, with temperatures corresponding to bound solvent
evaporations (T d1), glass transitions (Tg), and sample degradations (T d2). (B) TMDSC
measurement for the reversing heat capacities of the SF fibers and film samples. (C)
Thermogravimetric analysis curve representing the percent mass remaining of
electrospun DR1 (undrawn), DR1.5, DR2, Random, and Film regenerated SF samples.
(D) The first derivative of the TGA curve (DTG) representing the degradation rates of the
SF fibers and film samples with temperature degradations (Td) and temperature water
evaporations (Tw). (E) Table shows the Tg, ΔCp at Tg, Td1, and Td2 by DSC and TMDSC
analysis and the onset temperature, Tdm, percentage of bound solvent, and mass
remaining by TGA and DTG for Random, DR1, DR1.5, DR2, and film SF samples.
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2.3.7 Fabrication process. Recent efforts in tissue engineering, drug delivery,
and short-term sensors and medical devices have drawn considerable attention toward
new protein-based materials by taking advantage of silk’s biocompatibility and
biodegradability. Various bioinspired spinning approaches have been proposed with
priority on replicating the natural spinning system. The artificial spinning processes can
be grouped into three categories: wet-spinning, drying spinning, and electrospinning. The
most common technique to generate fibers is wet-spinning that initiate solidification via
precipitation in a coagulation bath [94]. However, this preparation process is rather time
and energy intensive, and requires additional post-treatment processes that require large
quantities of solvent that are expensive and highly toxic. In wet-spinning SF, a rapid
conformation transition occurs as concentrated fibroin solution enters the coagulating
bath. While these fibers can be easily spun, the instantaneous assembly of the silk
proteins can result in the formation of premature β-sheets and microvoids in the fibers
when solvent molecules and salts are rapidly removed, resulting in lowered strength and
toughness [95]. In addition, solutions pumped out by ejection from a glass capillary,
hypodermic syringe, or microfluidic device will experience increased die swell, as
increased extrusion pressure is needed to force the viscous fibroin solution through the
spinneret, which can lead to defects and result in larger diameter fibers [96]. In contrast,
dry-spinning, a variation of the wet-spinning, is the process by which solidification of
fibers occurs during the evaporation of the volatile solvent to a gaseous environment. The
process is relatively low cost and simple to operate resembling the natural spinning
process in air. For example, high performance regenerated silk fibers have been produced
from highly concentrated nematic silk microfibril solutions and regenerated SF solutions

48

with direct extrusion into an open environment atmosphere [97]. With continuous
extrusion, highly oriented uniform fibers can be collected. However, dry spinning is
usually limited in the microscale and slow since the roller-reeling and winding apparatus
used for the collections have reeling speeds of only 4-14 mm/s [97]. To produce artificial
silk fibers in the nanoscale, electrospinning is a commonly used technique [98]. Proteinbased nanofibers have good biocompatibility and minimal inflammatory responses.
However, electrospun nanofibers possess weak mechanical properties limiting
applications for higher performance structural materials. By implementing the automated
TD technology in conjunction with electrospinning, SF nanofiber can be post-drawn
simultaneously to enhance its mechanical properties. In addition, all processes can be
implemented under physiological and ambient environmental conditions.
2.3.8 Post-drawing mechanism. To explain the increase mechanical and thermal
improvements of post-drawn SF nanofibers, a possible model was proposed in Figure 8
based on the experimental results. For this study, a calcium chloride and formic acid
(CaCl2-FA) solvent system has been used to produce regenerated SF solutions for
electrospinning. Based on previous studies and investigations, it has been reported that
the Ca2+ ions in the FA solution can directly disrupt and prevent the intermolecular
hydrogen bonding in the intermolecular β-sheet crystals found in SF materials. The CaCl2
molecules act as a plasticizer, which prevents hydrogen bonding and stacking of
multilayer intermolecular β-sheet crystals resulting in single layer intramolecular β-sheets
and increases in random coils [72]. As shown in Figure 8 A, SF nanofiber regenerated
from degummed silk fibers are intramolecular β-sheets dominated, with lesser amounts of
intermolecular β-sheets. As the SF fibers are post-drawn (Figure 8 B), the diameter

49

decreases as large amounts of intramolecular β-sheets and small amounts of
intermolecular β-sheets (crystals) linked by random coils come into closed proximity are
aligned (bridged) as the fiber is extended. Since the presence of Ca2+ ions strongly
disrupts the crosslinking and formation of intermolecular β-sheet crystals, the SF samples
were water treated to remove CaCl2 and formic acid residues (after the drying process).
Studies have shown that upon annealing in methanol/water solution, the structure of the
organized intramolecular β-sheets are induced and transferred into large amounts of
intermolecular β-sheets (crystals) to form stable molecular interactions resulting in a
stronger fiber [72, 79, 99].
2.3.9 Applications. The automated TD system has been made to imitate the
natural pultrusion spinning of silkworms and translate the mechanism for guiding
molecular assembly into high-performance materials. This new method has fewer
processing steps, lower cost, and sustainable manufacturing of ultrathin SF fibers with
controllable thickness, morphology, and molecular alignment. This offers new avenues of
opportunity in the biomedical field, where tunable structural materials are needed for
potential applications in tissue engineering and drug delivery [100, 101]. These highly
aligned silk nanofibers can be loaded with a variety of functional molecules, such as
antibiotics, drugs, and enzymes, and be incorporated into a wide variety of fiber
composite forms, such as films, sponges, tubes, and hydrogels for unique applications
such as high-performance and highly functional scaffolds, skin grafts, and composite
devices. With this artificial spinning approach, polymorphic hierarchical SF reinforced
scaffolds can be built into complex 3D architectures via a layer-by-layer (LBL) approach
[6, 102]. In fiber-reinforced hydrogels, the embedded nanofibers can help retain and
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maintain the porous 3D hydrogel structure crucial for stem cell growth and differentiation
[8]. In addition, SF nanofiber grafts and mats have shown to be a suitable temporary
space for the retention and survival of adipose-derived MSCs [103]. Efforts in peripheral
nerve regeneration have been made towards the development of nerve guide conduits
(NGCs) for the attachment, growth, and contact guidance of nerve cells [104, 105].
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Figure 8. Proposed structure models of post-drawn SF nanofibers. (A) As the electrospun
SF fibers are anchored on both ends and post-drawn, the reduction in diameter causes the
amorphous and crystalline region to arrange in parallel, such that large amounts of
intramolecular β-sheets and small amounts of intermolecular β-sheets (crystals) are
packed closely and connect random coils are extended leading to a higher degree of
molecular orientation. (B) By removing CaCl2 in water, the closely organized
intramolecular β-sheets are induced into large amounts of intermolecular β-sheets
(crystals) form stable molecular interactions causing a decrease in the mobility that
results in a higher strength fiber.
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2.4

Conclusion
In this work, it is demonstrated that the addition of a post-drawing stage with an

automated track collector to the electrospinning process is a versatile and robust
nanomanufacturing technique for the production of electrospun post-drawn protein
nanofibers. Consequently, the post-drawing step resulted in altered chemical bond
composition and macromolecular alignment of fibrous protein chains and crystalline
beta-sheets, which improved the molecular orientation and mechanical properties of
electrospun SF nanofibers. Analysis of polarized FTIR indicates that the C=O and C-N-H
transition moments of drawn automated-track SF fibers are more organized in the draw
direction aligned to the fiber axis. With increasing draw ratio, the β-sheets crystallites
were pulled and extended in the draw direction, illustrated by a systematic increase in
molecular order parameter <P2>, increases in glass transition decomposition temperatures,
increases in modulus, and reduction of max elongation. The Young’s modulus of SF
nanofibers increased by 115%, and the ultimate tensile strength increased by 80% as a
result of increased orientation via post-drawing up to a DR2. It is shown that the postdraw processing of electrospun regenerated fibers can lead to the production of enhanced
tensile behavior of SF nanofibers in terms of increasing draw ratios, similar to wetspinning, ascribed by improved macromolecular and crystal alignment. In contrast to
wet-stretching, post-drawing with an automated-track collector has the ability to postdraw individual SF fibers in the nanoscale continuously, addressing disadvantages seen in
electrospinning across a static parallel plate and conventional wet-spinning of silk
microfiber production. We expect that the automated-track design is compatible with
other SF silkworm species, such as Thai, Eri, Muga, and Tussah, as well as other spider
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silks and fibrous proteins, which can be used in a wide variety of biomedical applications
from regenerative wound dressing to flexible bioelectronic devices [79, 100].
Furthermore, silks possess other useful material properties, such as high thermal
conductivity for heat dissipation in smart textiles, optical transparency for applications in
bio-optics, and enhance mechanical strength for the 3D printing of monolithic structures
in nanofiber reinforced polymer composites. By offering an evolution-based
manufacturing strategy for industrial protein manufacturing, silk can be artificially
transformed into next-generation materials.
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2.5

Supporting Information

Figure 9. Fourier self-deconvolution (FSD) Amide I spectra with curve fitting for
Schematic illustrating aligned SF fibers with rotating polarized FTIR used to determine
the orientational behavior of β-sheets crystallites by recording the differences in C=O
(perpendicular to the β-sheets backbone) and CN-H (parallel to the β-sheets) transition
moments to the SF fiber axis.
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Figure 10. Fourier self-deconvolution (FSD) Amide I spectra with curve fitting for
electrospun (A) Random (control), (B) DR1 (undrawn), (C) DR1.5 (drawn), and (D) Film
(casted) regenerated SF samples. The dashed lines represent the fitted peaks, the red
dashed curve represents the summed peaks, and the black solid curve represents the
original spectra.
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Figure 11. Joint Amide I and II curve-fitting example for the spectra deconvolution of the
polarized FTIR spectra of undrawn DR1 and post-drawn DR1.5 SF nanofibers from
1725-1425 cm-1 recorded at 0° and 90°. The black solid curve represents the original
spectra, the colored solid lines represent the fitted peaks, and the red dashed curve
represents the summed peaks.
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Chapter 3
High Throughput of Post-Drawn Polymer Nanofibers by Centrifugal Trackspinning
3.1

Introduction
Centrifugal spinning is currently the highest throughput technique available for

the fabrication of polymer nanofibers. While output rates are orders of magnitude higher
than electrospinning, the technology is severely limited by collection issues that hamper
the scalability of centrifugal spinning in a relevant industrial setting. Typically,
centrifugally spun polymer jet solutions are formed circumferentially around static posts,
which makes fiber collection highly inefficient without additional postprocessing. Here,
we introduce a novel continuous route for fiber collection that uses a high-speed rotary
spinneret (dispenser) and our trackspinning technology to capture, extract, and post-draw
micro- and nanofibers from polymer solutions. The centrifugal trackspinning system is a
simultaneous and straightforward approach for fabricating and post-drawing highly
aligned mechanically enhanced polymer nanofibers at large-scales in a truly continuous
and expandable manner. Polyacrylonitrile (PAN) nanofibers were fabricated using
selectively varying parameters that can influence the properties and operating conditions.
The air movements of various rotatory headpieces, the apparatus parameters, and the
post-drawing process are also presented. SEM revealed that the post-drawn PAN
nanofibers exhibited a uniform distribution of diameter and smooth surface morphology
at higher draw ratios. The post-drawing process promoted the crystalline orientation of
lamellar folded-chain crystallites characterized by polarized FTIR. As a result, postdrawn PAN nanofibers with a draw ratio of three (DR3) exhibited an 240% increase in
Young’s modulus and an 175% increase in ultimate tensile strength, compared to
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centrifugally spun, undrawn fibers. The improved specific strength and modulus make
PAN-based carbon nanofibers ideal for use in different fields, from energy storage to
fiber reinforcement composites.
In this work, we demonstrated an automated manufacturing process for the
production of highly aligned polymer nanofibers and provide a preliminary study on the
characteristics of airflow from different headpieces attached to the centrifugal spinning
system (Figure 12). We simulate the airflow field around the centrifugal spinning system
and evaluate the effect of the rotor's processing and geometric parameters on the airflow
field characteristics and, consequently, on the properties of the nanofiber. The results of
the simulation are then compared with our experimental data and the experimental visual
results obtained through pumping of smoke to stimulate airflow. To investigate the effect
of post-drawing on macromolecular properties, polarized Fourier-transform infrared
(FTIR) spectroscopy was employed to study the orientation behavior of crystallites. The
peak at 2240 cm-1 depicted the presence of the triple bonded nitrile group (C ≡ N)
inherent to PAN and was used to evaluate the change in polymer backbone orientation
with increasing draws. For many applications, the alignment of molecular chains within
polymers is a beneficial feature, as it results in polymeric materials having superior
mechanical and thermal properties. Highly aligned PAN nanofibers are important for
understanding the orientation behavior of the crystal structure to reveal the
microstructural change of PAN during post-drawing that can give remarkable material
property improvements in high-performance fibers. We found that through original and
second-derivative IR spectra, the mechanical drawing process induced the fibrous
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conformation transition. We showed a correlation with our technique between the
mechanical strength and the degree of orientation of crystallites in post-drawn PAN.

Figure 12. (A) Schematic drawing of conventional centrifugal spinning apparatus with
static posts. (B) Diagram of the centrifugal trackspinning (CTS) post-drawing process.
The automated trackspinning system allows for the continuous post-drawing and
collection of individual PAN nanofibers. Centrifugal spun nanofibers are caught and
suspended at the top and post drawn the fiber proceed farther away at the wide end of the
tracks. Varying draw ratios of nanofibers can be obtained by simply changing the angle
of the tracks. (C) Diagram to illustrate how CTS can be scaled-up by replacing static
posts. (D) Photograph of the automated CTS system for producing highly aligned postdrawn PAN nanofibers in ambient air. (E-F) Schematic illustration of the CTS apparatus
(right side view and front view).
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3.2

Experimental Section
3.2.1 Materials. Centrifugal spinning was completed using 18% wt./vol.

Polyacrylonitrile PAN (MW 70,000 Da, Sarchem Labs) dissolved in dimethylformamide
(DMF, Sigma Aldrich) mixed at room temperature 24°C for 48 hrs. The polymer solution
was loaded into a syringe pump (New Era Pump Systems) and fed through a 21-gauge
needle at a rate of 1.5 mL/hr. Nanofibers were air-dried for 36 h at room temperature to
remove residual DMF before analysis. DMF was not detectable in PAN nanofibers by
FTIR. There are three distinguishable sharp peaks at 1675, 1504, and 1407 cm-1 in DMF
that are not present in the PAN nanofiber FTIR graph, see Figure 21 D. DSC and TGA
maybe a more sensitive method in detecting the presence of DMF and can be done in
future tests to verify DMF presence before carbonization.
3.2.2 Centrifugal trackspinning apparatus. The centrifugal trackspinning
apparatus consists of a high-speed long shaft die grinder (Chicago Electric, Calabasas,
CA) with a 4.3 Amp motor which delivers high speeds to 25000 RPM. The spindle
motor was selected because it can carry weight-bearing density disks in concentric circles
and operate at extremely high speed. The rotational speed was controlled by a router
speed control dial (Drill Master, Calabasas, CA), which turn the single-speed electric
motor into a variable speed motor. In this study, the rotational speed of the motor was
controlled in the range of 20,000 RPM. The speed was calibrated using a non-contact
digital tachometer laser gauge (max 50 – 99,999 RPM) that enabled the direct read-out of
the system RPM under variable voltage. For static centrifugal collection, centrifugally
aligned control fiber samples were collected on static posts (Figure 12 A). For secondary
post-processing, an in-house automated track collecting system was employed. It is a set
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of adjustable tracks that allows individual nanofibers to be simultaneously collected and
drawn to induce macromolecular alignment before assembly into a mesh. Centrifugal
trackspinning PAN nanofiber samples were collected and post-drawn to two increasing
draw ratios (DR = Final Length/Initial Length); from 1:1 (DR1) where fibers are
collected across parallel tracks and removed without drawing, to 1:2 (DR2) and 1:3
(DR3) where fibers are drawn from an initial length of 4 cm to a final length of 8 and 12
cm, respectively. Unlike rotatory jet spinning (RJS) that uses a high-speed (up to 75,000
rpm), the trackspinning spinning collection system with secondary post drawing doesn’t
require such high speeds to produce smaller diameter fibers.
3.2.3 Headpiece designs. Initially designed, rotatory headpieces incorporated a
single and dual nozzle (syringe-needle) design. However, computational and
experimental findings have shown that high-velocity airflow in the tangential and
circumferential direction resulted in nanofiber breakage as newly formed nanofiber
collided with previously deposited fibers down the track that were being simultaneously
post-drawn. Figure 13 B-C shows the turbulence kinetic velocity contour plot of the
initially constructed dual nozzle headpiece. Significant variation in velocities was seen
across the dual and single nozzle design, as well as any largely protruded rotatory
headpieces. The displacement of the air streamlines drastically increases as we move
across the tube syringe and needle. Thus, a low-profile headpiece was designed
resembling a knob was proposed. For optimum collection efficiency, without destroying
previously deposited nanofibers, the headpiece should be small and have a nonprotruding profile that does not create additional unwanted tangential velocity. In Figure
13 A, various shapes for the low-profile knob design were proposed to see the effect of
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airflow. A headpiece that resembled the top of a doorknob handle was chosen from
among the different knob designs. It had very little tangential velocity streamlines, and
more

circumferential

velocity

streamlines

maximum

collection

efficiency.

Experimentally, the target output velocity could be determined by an airflow meter by
measuring the airflow in the tangential direction. By using a smoke generator, the airflow
volume around the revolving headpiece can be visualized. A headpiece with two mini
propellers (blades) was also proposed to see how the turbulence kinetic energy contour
plot would change in the upwards (z-direction). The findings showed high-velocity
airflow in the vertical direction for the propeller headpiece configuration, which caused
nanofibers to lift and shoot upwards experimentally. Thrust can be created by translating
the rotation power from the central rotating knob (hub) to drive the nanofiber upwards
through the air. The airfoil’s camber shape causes the airflow in front of the blade to
travel at a higher speed, making it possible to shoot nanofiber in a pointed, forward
position.
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Figure 13. Various head spinners were designed and printed to observe the spinning
airflow pattern. To observe the rotor spinning airflow pattern, computational modeling
was used to optimize the rotor design to produce better rotor spun nanofiber for collection.
The effects of rotor speed, rotor diameter, and rotor shape on airflow characteristics can
be investigated. A three-dimensional computational model is established to simulate the
airflow patterns for various 3D printed spinner heads. (B) Dual syringe nozzle headpiece
initially designed, and the velocity streamlines plotted. By observing the plot, the dual
nozzle head design created a lot of chaotic airstreams. Airstreams are accelerated from
the transfer of the rotor sidewall angle and profile. (C) A low-profile reservoir-orifice
headpiece was designed, and the velocity streamlines plotted. By observing the plot, of
the low-profile optimized design created less, and smaller velocity streamlines. The
smaller profile rotor shape worked best since it created minimum air currents, so it makes
collection easier without fiber breakage.
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3.2.4 Nanofiber preparation. The initial dual nozzle (syringe-needle) spinneret
consisted of a 3D printed cylindrical tube holder, 4 cm in height and 2.8 cm in diameter,
with a 6 cm in length aluminum tube fitted through the tube holder. There are two
stainless steel syringe needles connected on each side of the aluminum tube, with a
nozzle diameter of 1.5 mm and a nozzle length of 13 mm. The optimized low-profile
knob spinneret consisted of a knob-top with a top diameter of 2.3 cm, a bottom diameter
of 1.9 cm, and a height of 2 cm. All headpieces were threaded with a 1/4" NPT tap,
"nominal" OD of 0.533", to be screwed onto the high-speed rotor for secure attachment.
By selectively tuning operating parameters such as polymer solution concentration,
rotational speed, nozzle diameter, and nozzle-collector distance, PAN nanofibers with
controlled morphology can be fabricated. For this study, centrifugal spinning was
conducted at 20,000 RPM with a nozzle-collector distance of 30 cm from the spinneret to
the automated track collector. For random as-spun fibers, a smooth metal mesh was
placed for static collection. All centrifugal spinning was carried out at room temperature
with a track speed of 8 mm/s for all samples. Five samples (n = 5) were spun and
analyzed for each collection state, as defined in the following sections. Nanofibers were
collected and transferred onto plastic frames, 1 x 2 cm2, for mechanical testing and
characterization.
3.2.5 Fiber morphology. A Phenom Pure Scanning Electron Microscopy
(Nanoscience Instruments, AZ, USA) at 5 kV accelerating voltage was used to observe
PAN nanofibers' morphology. All PAN nanofibers were sputter-coated with a thin layer
of gold using a Cressington 108 Auto Sputter Coater (Watford, England) to improve the
clarity of the images. The average fiber diameter of the nanofibers was estimated using
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ImageJ software. A Shimadzu EZ-SX universal tensile tester (Kyoto, Japan) with a 2 N
load cell was used to measure the PAN nanofibers' mechanical properties at room
temperature. All measurements were taken with a fixed gauge length of 20 mm and an
extension (cross-head) speed of 10 mm/min. Five independent measurements of each
PAN type were tested until sample failure, and the observed values were averaged.
3.2.6 Fourier-transform infrared (FTIR) spectroscopy. Fourier Transform
Infrared (FTIR) spectra of PAN nanofibers were measured with a Thermo Scientific IS50
Nicolet FTIR spectrometer (MA, USA) equipped with a standard KBr beamsplitter and
an infrared ZeSe wire grid polarizer. The polarized FTIR was operated in transmission
mode with 128 scans at a resolution of 4 cm-1 in the wavenumber range between 4,000
and 400 cm-1. For the polarization experiments, various collected mats of aligned PAN
nanofibers were irradiated with a polarized infrared beam parallel (0°) and perpendicular
(90°) to the fibers axis [106]. The IR transmission spectra of the two polarization
conditions were recorded, where parallel absorption (A||) was obtained by electric vector
direction of the polarized parallel (0°) IR beam and perpendicular absorption (A⊥) was
obtained by electric vector direction of the polarized parallel (90°) IR beam. When the
polarized electric field contacts the material, the peak intensity reaches its maximum
when the chemical bonds reside or are oriented in the same direction [106]. Omnic
spectra software (Thermo Fisher Scientific, USA) was used to record the spectra and
analyze the peak intensity of absorbance, after baseline correction and normalization, to
determine the degree of macromolecular (polymer chain) orientation with the effect of
post-drawing treatment at changing draw ratios. The triple bonded nitrile group (C ≡ N)
peak in PAN at 2240 cm-1 was used to measure the transitional changes in the direction of
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the polymer backbone with draw. To find the degree of molecular orientation, dichroic
ratios (R) of each band was calculated according to the following equation (Eq. 3) [106]:
R = A|| / A⊥

(3)

where A|| and A⊥ are the integrated absorbance of parallel (0°) and perpendicular (90°)
peak intensities. As such, the values of R > 1 represent chemical bonds absorbance
oriented parallel to the fiber axis (or draw direction), and the values R < 1 represent
chemical bonds absorbance oriented perpendicular to the fiber axis. While the value of R
= 1 reflects an isotropic material. Since the C ≡ N group does not directly align
perpendicular to the PAN polymer chain backbone a correction must be made to
determine backbone alignment via (C ≡ N) characterization. The dichroic ratio for a
polymer backbone with optimal orientation in the direction of the fiber axis (R0) was
calculated using the transition moment angle (α) of 70° for the triple bonded nitrile group.
The transition moment angle is the average angle of the nitrile group relative to the
backbone of the polymer chain. Because this nitrile bond is rigid and the angle from the
backbone is constant, the angle can be used to calculate R0 (Eq. 4).
R0 = 2cot2(α)

(4)

The Herman’s orientation factor (ƒ) was then calculated using the R and R0 to determine
the orientation correlation of the polymer chain backbone to the fiber axis (Eq. 5) [106].
ƒ = (R - 1)(R0 + 2) / (R0 - 1) (R + 2)

(5)

For an isotropic material with no orientation, ƒ = 0. While values close to ƒ = 1 represent
polymer chain backbones that align perfectly parallel with the fiber axis, such as the
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angle between the fiber axis and the C-C transition moment is near zero, σ = 0° (the angle
between the fiber axis and the backbone). For values close to ƒ = -0.5, polymer chains
(crystallites) reside perfectly perpendicular to the fiber axis, such as the angle between
the fiber axis and the C ≡ N transition moment is near σ = 90° (the angle between the
fiber axis and the backbone).
3.3

Results and Discussion
3.3.1 Spinner head design. In order to simulate the airflow patterns for various 3D

printed rotary headpieces in the centrifugal trackspinning apparatus, three-dimensional
computational fluid dynamic (CFD) models were created. Airflow studies were done
using Solidworks Flow with CFD. Various head spinner heads were created and were
used to illustrate preliminary fluid flow computations. This practice facilitates the
development of an analytical approach in a training environment without spending a vast
amount of time on the fabrication and testing of prototypes. The impacts on airflow
characteristics of rotor rpm, rotor diameter, and rotor designs were studied. The airstream
accelerates from the transfer of the rotor sidewall angles and protrusions. Velocity
differences can be seen in both the protruding cross-section and along the transfer
sidewall, causing fibers to be hooked in the air. The airstream swirls can be visualized the
vertices that cause fiber curving and buckling as fibers are formed around the rotor at
high speed. The effect of rotor speed is significant. There are more vertices near the wall.
If rotor speeds are too high, the excessive centrifugal force can lead to increasing
nanofiber breakages. The profile and diameter size of the rotor can also influence the
flow characteristics in a manner close to that of rotor speed. As a lower sidewall angle
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produces higher velocities in the transfer side wall and more stable velocities in the rotor
groove, a small profile and angle are preferable. A valuable insight into the rotor spinning
flow pattern has been provided by computer modeling; it can thus be used to refine the
rotor design to generate better rotor spun nanofiber for collection.
3.3.2 Airflow simulation. To simulate the various rotating headpieces, we used
SolidWorks Flow Simulation with Computational fluid dynamics (CFD) to study the
rotating components and to understand the behavior of its surrounding. To analyze the
airflow, the computational domain is first established by selecting the fluid material and
conditions for the flow. The CFD software will then establish a mesh of finite elements
that will discretize the space depending on the complexity of the headpiece design and
mesh-element size. For flow simulations, an additional rotation volume element is added
to the generated assembly. After computation, the trajectory of particles in the fluid is
represented with flow lines. This training help brings new ideas and design in a platform
that has a highly visual component. The use of CFD allows costly physical prototypes to
be discarded and significant flaws to be identified much earlier in the design process. For
instance, the fan added can produce too much air in the vertical direction, which will
blow the fibers upwards and from the tracks. CFD allows engineers to research many of
the problems involved in the action of rotating parts. In obtaining the necessary details, it
offers a way to save a lot of time and money and lets engineers develop better quality
rotating headpieces for centrifugal spinning.
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3.3.3 Airflow field measurement verification. To verify the validity of this
simulation for the case described above, the airflow field around the various spinning
headpieces were visualized. Since air is hard to visualize around the rotor and rotating
structure at high-speed, it will be difficult to measure the velocity directly with the
velometer in the spinning state. For simplicity in the visualization, the visualization was
conducted while the spinning unit is in the shut-down state. At the same time, smoke is
pumped in from the bottom of the rotor as a way to visualize air. A photo of the setup
used for studying the airflow around the rotor is shown in Figure 19 A. The smoke
machine is used to pump in smoke vapor into the PVC pipe and large PVC well at the
bottom that uniformly surrounds the rotor and headpiece. As smoke floods the air hood
and fills the air hood, the rotor is turned on. Upon spinning, the air dynamics surrounding
the headpiece could be visualized. After continuous spinning for t=x sec., the smoke
pump was turned off to help visualize the smoke dissipation without added smoke better.
By filming the airflow in the air hood, we were able to time-lapse and freeze-framed the
different air circulation stages and volume flow within the hood and around the headpiece.
For this study, we selected two headpieces, the dual syringe design and the low-profile
knob design. The simulation with the largest variance was chosen and carried out since
the experimental conditions were limited to high-speed visuals. For both experiments, the
rotor speed was set at 20,000 RPM. Under the same settings, videos were captured to
correlate with the simulation results. The time-lapse and freeze-framed image are shown
in Figure 14. As you can see, the dual syringe headpiece violently evacuated the smoke
indicating fiber collection to be impracticable since strong air currents are likely to break
collected fibers. However, with the low-profile knob design, very little smoke dispersion
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can be seen, with the smoke concentrating and swirling around the headpiece. The
limiting air currents make fiber formation and collecting feasible with less fiber breakage
allowing the fibers to have enough time to be continually deposited and post-drawn down
the automatic tracks. The simulation results agree well with the visual representation of
the various headpieces. In a qualitative sense, the simulation predicts the air distributions
quite well, as seen from Figure 14 B.

Figure 14. To help experimentally visualize and test the airflow, a smoke machine setup
was constructed to pump in smoke as the air. (A) Time frame showing how much airflow
is produced from the dual syringe nozzle headpiece design. Lot of airflow is seen with
rapid smoke dissipation. (B) Time frame showing how much airflow is produced from
low profile reservoir-orifice headpiece design. Lot less air movement is seen with very
long smoke dissipation after smoke turned off. The dashed lines represent the minimum
airflow produced by the low profile headpiece reflected in the computational model.
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3.3.4 Morphology. Nanofibers were spun from 18% wt. PAN solution at various
draw ratios using the low-profile knob design headpiece with a single, bored 0.3 mm
diameter orifice hole. Using CTS, the formation of PAN fibers has led to a wide range of
morphological structure and fiber diameter changes. The fibers were generally aligned
with some visible pores and beading in the micro-and nanometer diameter range. The
pores can be explained by the exposure of a strong airstream produced from the
centrifugal spinning that increases the evaporation rate of the solvent polymer jet. In
Figure 15 A, the SEM images of the resulting PAN nanofibers are shown. Less beading
occurs as the draw ratio increases, leading to a smoother nanofiber morphology. In Figure
15 B, the average diameter of PAN nanofibers fabricated at various draw ratios are
tabulated. The random and undrawn DR1 nanofibers had greater diameters, as expected.
The average diameter of as-spun Random PAN nanofibers, collected on static posts, was
868.21 ± 156.41 nm, while the average diameter of undrawn DR1 nanofibers, pulled by
tracks but not post-drawn away from the collection area, was around 703.15 ± 72.71 nm.
When the nanofibers were drawn to DR2 and DR3, the nanofibers' mean diameters were
reduced to 556.32 ± 65.26 nm and 431.78 ± 52.25 nm, respectively. Overall, when taken
from DR1 to DR3, the average diameter decreased by about 38.6 percent. The nanofiber
orientation angle along the nanofiber axis also showed a slight improvement in alignment
after the post-drawing. In addition, Random PAN nanofibers collected on static posts
showed a 23.4% larger diameter than the undrawn DR1 nanofibers. A possible
explanation for the enlarged diameters in Random nanofibers is that the fibers are not
kept well in tension since the newly formed nanofibers can be deposited onto previously
formed fibers instead of the static posts, which results in free movement in the fiber and a
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loose nanofiber mat. The polymer chains are less densely packed, so the nanofibers are
allowed to relax. While undrawn DR1 nanofibers are collected under tension, fixed at
both ends, and held with a more tightly packed polymer chain at a smaller diameter.
The equipment for centrifugal trackspinning of PAN nanofibers can be seen in
Figure 12 D-F. While one orifice hole was used for the formation of nanofibers, more
orifices can be added to increase throughput. When the headpiece rotates at high speed,
fibers are generated when the centrifugal force overcomes the surface tension of the
polymer solution. A thin polymer liquid stream is accelerated by the centrifugal force
forming a fiber across the top of the CTS collector with an initial gap length. Thousands
of individual fibers can be continuously collected and post-drawn from the spinning
vertex of fibers. Highly aligned nanofiber arrays with various diameters and thicknesses
can be collected using CTS. The beaded appearance of the centrifugal spun fibers is
reduced as the fiber experiences greater expansion and thinning from the lengthening
(drawing) process. The PAN nanofibers were collected by using two rotating tracks,
which fixes the nanofibers at two ends. Figure 15 A shows a Random nanofiber mat and
DR2 PAN nanofibers collected on a transparency sheet. For DR2, a substantial
proportion of nanofibers was well aligned and uniformly distributed at an angle along the
parallel collection rack axis.
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Figure 15. (A) Photograph of individual centrifugal PAN Random (static post collector)
and DR2 PAN nanofibers suspended collected on a transparency sheet and SEM images
show centrifugal spun PAN nanofiber morphology collected with the automated CTS
system for draw ratio of 1 (undrawn), DR2, DR3, and Random (control). (B) Table shows
the post-drawn fiber lengths at initial and final and the average fiber diameters with their
standard deviation (n = 5).
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3.3.5

Polarized

Fourier-transform

infrared

(FTIR):

orientation

of

macromolecules. In addition to the change in diameter, the alignment of polymer chains
can be greatly altered by post-drawing. In this work, the macromolecule orientation
degrees were analyzed by using polarization FTIR and expressed as Herman orientation
factor, f. The f ranges from 0% to 100%. 0% corresponds to randomly oriented state,
while 100% represents the fully aligned state. The dichroic ratio (D) of the nitrile
absorption was defined as the ratio of IR absorption of the C≡N at 2243 cm-1 under the

parallel and perpendicular modes, A||/A⊥. As shown in Figure 16, the drawing treatment
reduced the D value, and f increased accordingly, indicating that the stretching treatment
promoted the PAN orientation along the fiber axis. As shown in Figure 17 A-B, the
orientation factor of the undrawn (DR1) centrifugal spun nanofibers is relatively low in
the range of -30% to -35%. However, during post-drawing process, the stretching
(pulling) force applied to the polymer nanofiber ends can induce chain alignment. The
molecular orientation of the polymer in drawn PAN nanofibers are higher than that in
undrawn PAN nanofibers. Although the molecular orientation is relatively low, postdrawing can significantly improve the chain alignment of all samples studied in the
centrifugal trackspun nanofibers. For instance, the f value of the PAN chains in undrawn
PAN nanofibers was increased from -32.5% to -11.8% due to post-drawing to a draw
ratio of 3.
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Figure 16. (A-D) Polarized FTIR spectra of conventional PAN microfiber, DR1
(undrawn), DR2, and DR3 PAN nanofibers obtained with the electric field at different
angles with respect to the fibers, 0° (electric field is parallel to the fiber), 15°, 30°, 45°,
60°, 75°, and 90° (electric field is perpendicular to the fiber).
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Figure 17. (A) Herman’s orientation factor plotted against the transition backbone angle
of the fiber axis for reference PAN microfibers and centrifugal trackspun nanofibers. (B)
Table showing the Herman orientation factor values and changing moment angles for
PAN nanofibers obtained at various draw ratios and reference PAN microfibers.

3.3.6 Mechanical. The tensile properties of PAN nanofibers with various draw
ratios were tested, and the effects of draw ratio on the mechanical properties of PAN
nanofibers are shown in Figure 18. The stress-strain curves for random (reference),
undrawn, and drawn PAN nanofibers prepared at room temperature are demonstrated in
Figure 18 A. The ultimate tensile strength, modulus of elasticity, and toughness of
nanofibers were determined from stress-strain curves. The mechanical properties of DR1
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(undrawn), DR2, DR3, and Random (control) PAN nanofibers are shown in Figure 18 BE. For Random samples, the tensile strength and the elongation at break were 84.4 MPa
and 77.8%, respectively. In comparison, the tensile strength of undrawn DR1 was 204.3
MPa, and the elongation at break was 57.2%. Moreover, the tensile strength of drawn
DR2 is 258.7 MPa, and the elongation at break is 34.6%. For the highest draw ratio
(DR3), the tensile strength is 357.4 MPa, and the elongation at break is 31.2%. Overall,
the drawn fibers were effective in improving mechanical properties. The high tensile
strength and short break elongation revealed that DR2 and DR3 were strong polymer
materials but not tough. These results reflect the observed differences in orientation of the
crystallite in the fiber.
With an increasing draw ratio, mechanical properties are expected to improve due
to increasing strain-induced crystallization and orientation. The drawing has a positive
effect on Young’s modulus and tensile strength of the nanofiber, while the elongation
percentage is substantially decreased. As DR values climb from 1 to 3, both tensile
moduli and strengths of drawn PAN fiber specimens have been found to increase
consistently. This is primarily due to improved amorphous phase orientation and an
increase in crystallinity obtained for nanofiber drawn at higher ratios. However, if the
fibers are overdrawn, there could be a negative effect on the trends in tensile moduli and
strengths, causing a decline in crystalline orientation due to the breakdown of the existing
crystals and, ultimately, fiber breakage. This stress-strain behavior is advantageous in a
manufacturing setting because it assists in the production of higher quality fibers without
additional post-processing steps. Using CTS, the nanofiber mats exhibited good stacking
and flexibility. These non-woven PAN precursor nanofiber mats can also be prepared
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into carbon nanofibers after pyrolysis, which can be laid up on a mold or 3D printed to
create carbon fiber-reinforced composite structures and parts. CTS offers a facile, onestep PAN fiber production method, whereby future modifications to collection distance,
track length, formulation, and spinning parameters will allow for optimal fiber output and
refinement.

Figure 18. Mechanical properties of centrifugal spun and post-drawn PAN nanofibers.
(A) Stress-strain curve for Random mesh (control), DR1 (undrawn), DR2, and DR3 PAN
nanofibers. (B-E) Ultimate tensile stress, elongation at break, modulus of elasticity, and
yield stress were calculated from the stress-strain curves (n = 5).

3.3.7 Discussion. In this study, a novel centrifugal trackspinning approach was
successfully developed to overcome the inherent defect limiting all existing centrifugal
spinning methods. The work introduces the principles and concepts required to
effectively spin and capture single nanofibers in mid-air without fiber breakages and
misalignment at high speeds. The simultaneous effect of the centrifugal spinning and
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trackspinning process on the morphology, mechanical properties, and molecular
alignment of the fibers have been investigated. The PAN fibers exhibited high fiber
alignment with some cross-aligned fibers due to the fume hood air currents. The set-up
allows a wide range of fiber diameters to be collected and post-drawn from tens of
micrometers to hundreds of nanometers. The fiber diameters and mechanical properties
can be manipulated by controlling the orifice diameter size and draw ratio. Through
model stimulation, large protruding headpieces were found to impact fiber collection,
causing erratic fiber placement. The polymer jet trajectory is also affected, causing the
driving force to extend more in the axial direction than the tangential direction, leading to
fibers blown out from the tracks and fiber breakages. Improvements in mechanical
properties were seen from post-drawing PAN fibers from Random (undrawn) to DR3, the
ultimate tensile strength, Young’s modulus, and the toughness with percent increases of
420%, 650%, and 130%, respectively. The anisotropic structural properties in the PAN
nanofibers are successfully induced from the post-drawing process from the dichroic ratio.
The experimental findings were successfully repeated by CFD simulations used in
this research, which provided initial prediction outcomes. The research opens up
possibilities for investigating various headpiece designs and flow patterns. Therefore,
computational analysis can replace time-consuming and more costly experimental
research. The results from the CFD simulations offered an informative interpretation of
the fluid flow behavior of the different designs around an axial rotor. For both the
initially designed and proposed optimized designed axial headpiece, CFD analysis was
carried out and then compared with the originally designed axial dual syringe system for
optimized design. The results of CFD modeling were shown in the form of velocity
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streamlines that supplied the headpiece with real flow characteristic air and added fan
blades. Other parameters like temperature, pressure, and turbulence, can also be
considered while performing CFD analysis. With these designs, models, and insights,
many forms of centrifugal spinning systems can be adapted.

Figure 19. (A) The smoke machine apparatus used to pump in smoke vapor through a
long PVC pipe and into a large PVC well at the bottom of the rotor. (B) Concept
schematic illustration of a height and angle adjustable centrifugal trackspinning (CTS)
apparatus for better fiber collection replacing traditional centrifugal spinning setup with
static posts. (C) Schematic drawing to illustrate how CTS can be scaled-up with a
surrounding the spinner with more automated tracks to maximize fiber collection.
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Figure 20. (A) Photographs of centrifugal trackspun PAN nanofiber mats collected on
graphite sheet and mounted with high temperature thermal epoxy for carbonization draw
ratio of 1 (undrawn), DR2, and DR3. (B) Photographs of centrifugal trackspun PAN
nanofiber mats collected on aluminum sheet for XRD analysis.
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3.4

Conclusion
In this study, we addressed the crucial underlying limitation of fiber collections that

has plagued all types of centrifugal spinning technologies. With the combination of
centrifugal spinning and trackspinning, we can effectively control polymer jet placement
onto a continuous rotating collection track without fiber breakage and post-draw
nanofiber on the fly. The trackspinning creates a strong drawing force between two
angled tracks to remove polymer chain entanglements and enhance mechanical properties.
In this process, highly aligned PAN nanofibers with superior physical properties were
produced successfully, and other polymers may also benefit from this drawing technique.
The results showed that by adjusting the centrifugal spinning and draw ratios parameters,
the fiber's diameter can be controlled. The study also provided an overview of how CFD
can model centrifugal rotational airflow and how air movement issues can be simulated
and solved by SolidWorks Flow Simulation. Several different approaches and designs
were introduced to study flow in and around the rotating spinner head. The flow was
modeled in a steady-state environment. However, more detailed approaches require more
comprehensive methods, such as the multiple rotating reference frame or the sliding mesh
approach, to study the entire flow pattern and to see the effects of the enclosed casing (a
closed environment), baffles, and other internal sections. Where users can consider more
than one spinner with this system, each spinning with a different RPM. By understanding
the centrifugal spinning set-up and collection process, centrifugal trackspinning would be
the preferable option for high-speed, low-cost nanofiber production opening up
opportunities in the industry setting. With the means of rapid production and fiber
collection, nanofiber CFs could be commercialized in the foreseeable future.
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Figure 21. (A) FTIR spectra of DMF [5]. (B) FTIR spectra of PAN [5]. (C) FTIR
spectrum of DMF and PAN superimposed with three distinguishable at 1675, 1504, and
1407 cm-1. (D) FTIR of PAN nanofiber with no DMF peaks present.
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Chapter 4
Continuous Dual Track Fabrication of Polymer Micro- and Nanofibers Based on
Direct Drawing
“Reproduced (or 'Reproduced in part') with permission from [Jao, D., & Beachley, V. Z.
(2019). Continuous dual-track fabrication of polymer micro-/nanofibers based on direct
drawing. ACS Macro Letters, 8(5), 588-595.] Copyright [2019] American Chemical
Society."
4.1

Introduction
This manuscript proposes a continuous and straightforward method for fabricating

suspended micro- and nano-diameter polymer fibers using an automated single step
drawing system. Termed track spinning, the system is based on a simple manual fiber
drawing process that is automated by using two oppositely rotating tracks. Fibers are
continuously spun by direct contact of polymer solution coated tracks followed by
mechanical drawing as the distance between the tracks increases. The device can draw
single or multi-filament arrays of micro and nanofibers from many kinds of polymers and
solvent combinations. To demonstrate, fibers were pulled from polymer solutions
containing polyvinyl acetate (PVAc) and polyurethane (PU).

Fiber morphology was

smooth and uniform and diameter and was sensitive to draw length and polymer
solution/melt properties. Polymer nanofibers with diameters as small as 450 nm and
length of 255 mm were produced. The track spinning method is able to form fibers from
high viscosity solutions and melts that are not compatible with some other nanofiber
fabrication methods. Further, the setup is simple and inexpensive to implement, nozzleless, does not require an electric field or high-velocity jets, and the tracks can be widened
and patterned/textured to enhance fiber yield and manufacturing precision.
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Track spinning automates a simple mechanical process, which can lead to lower
product costs and better process control compared to many other nanofiber fabrication
techniques. Moreover, polymer fibers can be pulled from high viscosity solutions or
melts, with little restriction to specific polymer and solvent properties [107-109]. The
approach can continuously produce linearly aligned fiber networks with integrated postdraw processing and control over fiber placement in secondary assembly.
4.2

Experimental Section
4.2.1 Materials and trackspinning parameters. All chemicals were used as

received without further purification. Polyvinyl acetate (PVAc) of molecular weight
(MW) (500 kDa Acros Organics, NJ, USA) was dissolved at room temperature in
dimethylformamide (DMF) (Acros Organics, NJ, USA) with varying wt./vol.
concentrations (from 10 wt to 30 wt%). Tecoflex™ SG-80A aliphatic polyether-based
thermoplastic polyurethane (PU) (kindly donated by Lubrizol Corporation, OH, USA)
was dissolved in DMF with varying wt% concentrations (from 7 wt to 13 wt%). A total
of six solutions were prepared by dissolving PVAc beads in DMF at 10 wt%, 20 wt%,
and 30 wt% and PU pellets in DMF at 7 wt%, 10 wt%, and 13 wt%, followed by
magnetic stirring for 24 h to prepare a homogenous solution. The spinning process was
performed at a temperature of 15-18 °C and a relative humidity of 20-25%. Using the
syringe pump (New Era Pump Systems, Inc., NE-1000 Programmable Single Syringe
Pump), the viscous polymer solutions were pumped and dispensed onto the custom-built
trackbelt device.
The experimental setup for trackspinning is shown in Figure 22. This custom
trackspinning apparatus consists of two rotating tracks with track belts attached touching
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at the top, two stepper motors powering each track, and a dispenser located above the
tracks that contain a polymer solution. The apparatus was designed to control various
spinning processing parameters, including the angle of the touching tracks (°), the vertical
collection distance from the point of contact to the collection tray (mm), the max drawing
length of the fibers, which is dependent on the vertical collection distance (mm) where
the collecting rack is placed, and the speed of the rotating track belts (mm/min) that
translates into the linear (horizontal) drawing rate of the fiber (mm/s). These processing
parameters enable fabrication of well-defined nanofibers, with controlled dimensions in
diameter and length. Fibers are continuously spun by draw/contact spinning between two
belts tracks. The mechanical force applied during the trackspinning process produces a
uniaxial orientation of fibers in the drawing direction. Unlike collecting fibers along a
circular axis (such cylinders and cubes) seen in many other techniques, the automated
track system can produce continuously aligned single filament nanofibers or arrays of
nanofibers along a single linear axis as fibers are suspended over the gap between the
track belts. This feature allows for the addition or option of a secondary post-drawing
step(s) prior to collection on a collector stage. The automated track system has two tracks
belts which are adjustable and can be angled so that polymer solutions and melts come
into contact with both track belts and then is manually pulled and elongated to a wide
range of fiber lengths and diameters as the gap between the track belts increases. For this
study, the track belts were angled at 40°. To dispense the polymer solutions between the
two belts tracks, 5-mL syringes were filled, and 1.5 mL of solution was pumped through
a 21-gauge stainless steel needle onto the rotating tracks. As the tracks touch, the solution
droplets on the track belts are compressed between the track belts and distributed across
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their surfaces. Subsequently, as the two tracks belts proceed down the track and separate
from each other, polymer bridges are formed in the gap between them and pulled into
fibers as the distance between the tracks increases. The trackspinning device has two
NEMA 17 stepper motors at the bottom of each track rotating at an equal rotation speed
in opposite directions that moved the track belts at a linear speed of set to 200 mm per
minute for all experiments reported here. Fibers were collected onto a 10 cm wide acrylic
collection tray in an aligned configuration at various vertical collection distances
measured from the point of contact between the tracks (initial fiber formation) to the
collection tray. Fibers at each collection distance (50, 100, 150, 200, 250, 300, and 350
mm) had different final lengths (36, 73, 109, 146, 182, 218, and 255 mm) due to the
continued separation of the track belts as they travel away from the point of track
contact/fiber initiation. The setup was contained in a cardboard box to act as an
environment control preventing interference from air currents inside the fume hood
where experiments were performed. Fibers were air-dried overnight at room temperature
before characterization.
To demonstrate the versatility and scalability of this new trackspinning method,
we extended the width of the 2D trackspinning system into a three-dimensional (3D)
configuration by adding four pulleys consisting of four rods and drums. The bottom rods
are powered by stepper motors, which move the track belts and draw the fibers. The track
belts were made using aluminum adhesive tape, which wraps around the two rods of each
track. An array of silicone bristles, composed of 2500 filaments, were attached to one
side of the track and a non-textured rubber sheet adhered to the other track. PVAc
solution was uniformly spread across the non-textured track using a silicon brush. For
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visualization purposes, fibers were drawn and stretched from PVAc solution as the bristle
touch and then move away from the opposing track belt to form an array of evenly spaced
fibers.

Figure 22. Continuous Direct Drawing. (A) Photograph of handspinning. Polymer
solution being pressed with the thumb and index finger. (B) Polymer solution being
drawn and pulled apart producing uniaxially aligned fibers. (C) Photograph of tracks
coming in contact (touching) and separating with the track-spinning apparatus. (D)
Diagram of the automated setup showing fiber formation as tracks “touch” and separate
when polymer solution is placed on moving tracks. (E) Schematic illustration of fibers
pulled from polymer solution at different cycles as polymer solvent evaporates.
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4.2.2 Device configurations. The capability and feasibility of the track spinning
process were demonstrated by producing fibers from 10%, 20%, and 30% wt./vol.
solutions of polyvinyl acetate (PVAc, 170 kDa) dissolved in dimethylformamide (DMF)
and 7%, 10%, and 13% wt./vol. solutions of thermoplastic polyurethane (PU) dissolved
in DMF. The experimental setup for track spinning is shown in Figure 23. This custom
track spinning apparatus consists of two angled rotating tracks (that touch at the top), a
stepper motors powering each track, and a polymer solution dispenser located above the
tracks. After polymer solution or melt comes into contact with both tracks at the top of
the apparatus, it is manually pulled and elongated to a wide range of fiber lengths and
diameters as the gap between the tracks increases. New fibers are continuously spun by
continuous rotation of the tracks. The apparatus is easily adjusted to change: (1) the angle
(°) of the tracks, (2) the vertical collection distance from the point of track-track contact
to the collection tray (mm) and (3) the track speed. These adjustments can be tuned to
control fiber processing parameters including the final fiber length and the fiber draw rate
(mm/s). For this study, the tracks were fixed at an angle of 40°, and the track speed was
adjusted to fix the fiber draw rate at 6.26 mm/s. To dispense the polymer solution
between the two tracks, 1.5 mL of solution was pumped through a 21-gauge stainless
steel needle onto the rotating tracks. Track spun fibers were deposited onto a 20 cm wide
acrylic collection tray in an aligned configuration at various vertical collection distances
measured from the point of contact between the tracks (initial fiber formation) to the
collection tray (Figure 23 C). A similar device with wider tracks and another with a
patterned array of silicone posts were assembled to produce 3-dimensional arrays of
aligned fibers between two tracks.
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Aligned fiber arrays were manufactured using varying solution concentrations in
combination with sequential vertical collection distances. All polymer and solutions
combinations investigated produced micron diameter fibers initially, but nanofibers with
diameters as low as 450 nm were obtained by post-drawing the fiber to lengths as long as
255 mm.

Optimizing parameters and extending the geometry of the device could

facilitate reduction of fiber diameters further into the nanometer diameter range. The
collected fibers were flexible and easily removed from the collecting rack without tearing.
As the angled rotating tracks were brought into contact (similar to pushing two
plates together) [26, 27], the polymer solution on the tracks (Figure 22 D) was
compressed and spread uniformly over the two surfaces. As the angled tracks moved
down and separated (similar to pulling two plates apart) the polymer solution present on
the tracks was subject to a mechanical force. Fibers did not form between the tracks
immediately but stretched across the gap between the tracks around the fourth cycle
(Figure 22 E). Initial fiber formation was observed after the third cycle when sufficient
solvent evaporation had occurred, and polymer solution properties favored the formation
of semi-solid fiber bridges between the tracks. As the tracks continued to cycle, greater
amounts of fibers begin to be drawn from semi-solid fiber bridges that subsequently
solidified via rapid solvent evaporation as they traveled down the device.
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Figure 23. Trackspinning. (A) Photograph of the spinning apparatus with collection rack
and adjustable stage placed between two rotating tracks. (B) Schematic illustration of the
setup used in the solution pulling method for making aligned nanofibers. Draw ratio and
draw rate can be independently controlled by modifying the track angle and track speed
using this adjustable track system. (C) Photograph of track spun fibers proceeding down
the tracks and being deposited on the collection rack. (D) Suspended fiber arrays
collected over the gap between the two plates are shown adhered to SEM stubs.
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Figure 24. Morphology Analysis. (A) Diameter vs collection length relationship for
PVAc fibers made from polymeric solutions in DCM at concentrations of 10%, 20%, and
30% drawn to various lengths. (B) SEM images of PVAc fibers collected from 10%, 20%,
and 30% solution concentrations at a collection length of 73, 146, and 218 mm (n = 15,
SEM scale bar = 20 μm). (C) The diameter- concentration relationship for PU fibers
made from polymeric solutions in DCM at concentrations of 7%, 10%, and 13% drawn to
various lengths. (D) SEM images of PU fibers collected from 7%, 10%, and 13% solution
concentrations at a collection length of 73, 146, and 218 mm (n = 15, SEM scale bar = 20
μm).
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4.3

Results and Discussion
Fibers were easily drawn to centimeter scale lengths from each listed

concentration of PVAc and PU solution and collected on a frame (Figure 23 C). At all
concentrations tested, no beading or wavy morphology were observed. The final
diameters of the collected fibers were on the order of hundreds of nanometers to several
micrometers. The relationships of fiber diameter versus solution concentration and fiber
length for PVAc and PU are shown in Figure 24. For both polymers, the fibers obtained
from higher concentration solutions had larger fiber diameters, and fibers drawn to longer
lengths had reduced fiber diameters.
Suspended fibers with lengths up to 255 mm and diameters in the sub-1000 nm
range were obtained from the lowest concentration polymer solutions. The systematic
relationship of fiber diameter versus concentration and length suggests that fiber diameter
can be controlled by setting appropriate processing parameters.
To assess the uniformity of fibers produced by the track spinning system, fiber
diameters at different regions along the span of fibers were compared. Samples were
analyzed from PVAc and PU fiber arrays at two different concentrations for two different
collection distances. As depicted in Figure 25 A-B, samples were taken at the Middle
(Mid), Quarter (Qtr), and End regions of each fiber array and imaged with SEM. The
resulting diameter measurements (n=15 different fibers) exhibited similar morphology
with almost the same average diameter throughout the fiber length, except at the End
sections. As expected, the ends of fibers, near the track attachment, had a larger diameter
than the Mid and Qtr section of the fiber. The percent difference in diameter between the
Mid and Qtr sections were less than 2% for all conditions measured, and the difference
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between the average Mid/Qtr section and far End were between 5-20%. As mentioned
above, the fiber filament formed at the endpoints of the track were significantly larger
(irregular) than the Mid and Qtr sections due to the fibers anchoring closer to the surface
of the polymer solution on the track. While, the fibers formed between ends had a much
narrower size distribution due to the constant, even drawing of the track system.
Track spinning also proved to be compatible with naturally derived solvent-based
polymer solutions and polymer melts. Polystyrene (PS) dissolved in D-limonene, a
chemical found in the peels of citrus fruits, at 15% wt/v readily formed 255 mm long
fibers with diameters in the range of 0.90-4.16 µm (Figure 26 E). Polycaprolactone
(PCL) was melt track spun by enclosing an entire device in an oven at a temperature of
70˚C. PCL was melted on an aluminum plate in the oven and applied onto the track with
a spatula. Three different molecular weights of polycaprolactone (55kDa, 100kDa,
114kDa) were drawn to 109 mm, resulting in fibers with increasing diameters of 9.97 µm,
23.83 µm, 40.77 µm respectively (Figure 26 A-D). Viscosity had an inverse relationship
with fiber diameter as higher molecular weight polymer formed higher viscosity melts
and resulted in larger fibers. This mirrors the data collected for PVAc and PU solutions
where higher polymer concentrations formed higher viscosity solutions and resulted in
larger fibers. Melt track spinning at a single uniform temperature in an oven was not an
ideal environment for forming long small diameter fibers. The high temperatures required
at the initial stages of fiber formation promoted drooping and breakage at the later stages
of drawing. However, the feasibility of melt track spinning was demonstrated by this
experiment, and it is expected that appropriate variable temperatures at different stages of
track spinning could optimize the approach.
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These results report on a rapid and simple method to fabricate PVAc, PU, PS and
PCL micro/nanofibers from various polymer solutions and melts by using an automatic
one-step drawing device. From the initial experimental data, track spinning has the
potential to be employed in the fabrication of fibers with diameters ranging from
hundreds of nanometers to tens of micrometers. While many of the fiber diameters
reported in this manuscript are in the micron scale, fibers as small as 500-800 nm were
consistently obtained under specific processing parameters (Figure 26 F). We expect that
nanoscale diameter polymer fibers could be manufactured from a wide variety of
polymers with optimization of processing parameters and tuning of the track spinning
method. Under all of the reported processing conditions, fibers were well-defined with
highly uniform length and smooth surface morphologies. Changes in the operating
parameters can be modified to produce fibers with a targeted fiber diameter. The data
would suggest that, viscosity and drawing length had significant effects on the diameter
of fabricated fibers. Another very important parameter in fiber manufacture is the draw
rate, which can be tightly controlled in track spinning dependent on the speed and angle
of the tracks. In both simulation and experimental data related to dip drawing and
handspinning methods, other groups have reported a rapid decrease in the fiber diameter
with an increase in draw rate [3, 27]. Since track spinning was invented by mimicking
dipping drawing and handspinning, it is expected that similar draw rate relationships
could be observed. This thought leads to the question of what the maximum fiber length
is for any given fiber diameter under optimum conditions (draw rate & solution
concentration) and what limiting factors lead to fiber breakage. In analyzing this question,
it is essential to consider whether the limiting factor for maximum fiber length is the fiber
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formation and post-drawing process or subsequent fiber fracture caused by external
forces generated by the vibration of the track, interference from outside airflow or even
breakage under the fibers own weight.
Track spinning has several advantages in comparison with other nanofiber
fabrication methods: (a) the technique does not require high-voltage electric fields or
high-velocity parts, (b) fixation of fibers at both ends allows for added control over fiber
post-processing and placement/assembly into structures, (c) the apparatus is inexpensive
and straightforward to implement, (d) uniform fiber diameters can be manipulated by
altering the process variables, (e) fiber fabrication is independent of solution conductivity
and compatible with high viscosity solutions and melts and (f) fibers are simultaneously
created and post-drawn in one process. The most significant improvement of track
spinning, when compared to manual dip drawing, is that it is capable of fabricating highly
aligned nanofibers continuously. Even when attempted sequentially, single probe
drawing can become a very tedious fabrication procedure. There are many reports on
using variations of the dip drawing approach to fabricate high-quality ultra-drawn
nanofibers from a polymer solution, heated gel or melt using a sharp tungsten tip, a
platinum or silica rod [110, 111], a tipless atomic force microscope (AFM) cantilever
[112, 113], glass micropipettes [114], or a metal syringe needle [3, 115]. However, all
these approaches have very low production rates. In contrast, track spinning produces a
continuous supply of polymer without requiring an incremental process. Another
considerable advantage of track spinning is related to solution viscosity limitations
known to be a significant factor in other nanofiber fabrication techniques. Many polymer
materials are not practical for electrospinning and centrifugal spinning due to high
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viscosity, and if feasible require voluminous solvent waste. For example, ultra-highmolecular-weight polyethylene (UHMWPE), which forms a highly viscous solution in
organic solvent, has only been reported electrospun from a dilute a 1% polymer solution
using very high voltage of greater than 35 kV at high temperature (130 ˚C) [116, 117]. In
contrast, track spinning relies on a strong direct mechanical force capable of pulling
fibers from solutions with a wide range of low to high viscosity. Manual dip drawing of
UHMWPE [65] (and by extension track spinning) provides an effective and scalable
route to form fibers from highly viscous solutions. The technique can also be used for the
fabrication of composite fibers that contain magnetic or conductive nanoparticles since
nanofibers can be spun without magnetic and electrical inference [118]. Additionally, a
variety of other fillers that may alter solution viscosity and conductivity could be track
spun into well-aligned nanofibers with improved thermal, electrical and mechanical
properties [65, 119].
Due to its simplicity, it is possible to build a custom track spinning setup in a
laboratory without highly specialized training or equipment, and we expected that track
spinning is well suited for scalable manufacturing. The approach is inexpensive and
versatile with interchangeable tracks, and the track can be disposable or lined as a singleuse device for specific applications. Track modifications, such as widening the track, can
be employed to address production rate limitations by drawing large multi-filament
arrays of nanofibers from polymer solutions or melts (Figure 27 A). This is demonstrated
by comparing two PS nanofiber arrays produced in the same amount of time using an 8
cm vs. 0.6 cm wide track spinning device (Figure 27 B). Manufacturing precision could
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be enhanced with patterned/textured track configurations that could fix fiber location and
provide a site for precise volume solution/melt droplet application (Figure 27 C-D).
4.4

Conclusion
Since the formed fibers are inherently fixed to tracks at both ends, track spinning

enables automated assembly of higher order structures and offers integrated drawing
(initial fiber fabrication) with optional post-processing steps, such as post-drawing and
temperature treatments. Post-processing techniques, such as post drawing at different
ratios/rates and different temperatures for different processes can also be adjusted and
used in successive steps to engineer nanofibers with a particular property or to align
particles, such as carbon nanotubes and silver nanoparticles, inside the fibers. After
fabrication and post-processing, there is potential to integrate the automated track
transport of fibers into assembly processes such as thin composite film and staple yarn
fabrication.
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Figure 25. Morphology Analysis. (A) Schematic illustration of the fiber fabrication
process via track spinning at varying fiber lengths. Samples were collected at different
points along the fiber length to analyze for fiber uniformity. (B) A photograph
corresponds to the illustration with the fiber imaged at the middle (Mid), quarter (Qtr),
and end (End) portion of a fiber array. (C) Representative SEM images of PVAc track
spun fibers from 10% and 20% polymer concentrations at collection length of 109 mm.
(D) Representative SEM images of PU track spun fibers from 7% and 10% polymer
concentrations at collection height of 182 mm. (SEM scale bar = 10 μm). (E,F) Shows the
diameter uniformity of PU and PVAc at collection lengths of 109 mm and 182 mm,
respectively. (E) Table showing PVAc fiber uniformity for two fiber lengths at 10% and
20% polymer concentrations. (F) Table showing PU fiber uniformity for two fiber
lengths at 7% and 10% polymer concentrations. For each condition, different fibers in an
array were measured at Mid, Qtr, and End (n = 15).
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Figure 26. Melt Drawing and Solvent Drawing. (A) Photograph of the track spinning
apparatus in a gravity convection oven. (B-D) Representative SEM images of PCL melt
spun fibers from three different molecular weights (55 kDa, 100 kDa, and 114 kDa) at
final length of 109 mm. (E) SEM images of PS track spun fibers from 15% polymer
concentration at collection length of 255 mm. (F) SEM image of nanoscale diameter
PVAc fibers (500-800 nm) track spun from a 10% concentration solution to a final length
of 255 mm.
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Figure 27. Device Design & Fabrication - Scalability. (A) Photograph of a 3D spinning
system (8 cm track width) scaled up from a 2D track (0.6 cm track width) for high output
of aligned fibers. (B) Photographs of a collected array of aligned PS fibers on racks using
the 3D and 2D spinning system for the same amount of time. (C) Photograph of a 3D
spinning system with a patterned array of bristles on the track for patterned and precision
drawing of fibers. (D) Photographs of the patterned 3D spinning system drawing and
stretching an array of aligned PVAc fibers.
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Chapter 5
Fabrication of Highly Oriented, Green, Ultrafine Lignin-based Fibers by
Automated Trackspinning
5.1

Introduction
Major obstacles for modernization are environmental issues and the continuously

declining petroleum supplies. At present, most CFs are made from non-renewable
polyacrylonitrile. Substantial efforts have been made to replace the need for petroleumbased precursors for carbon fiber production. Interestingly, lignin is a resource that is
cheap, highly available, and sustainable. For modernization, newly developed sub-micron
scale lignin-based carbon nanofibers are needed in numerous areas, such as electronic
devices, batteries, supercapacitors, and low-cost, high performant structural material. For
further advancement of lignin-derived nanofibers carbon fibers, we combined automated
trackspinning (TS) technology to significantly simplify the manufacturing of biobased
lignin micro/nanofibers and substantially increase yield production, ultimately lowering
the end cost. In this study, the effects of track spinning based on probe drawing of low
conc. sulfur kraft lignin nanofibers blended with polyethylene oxide (PEO) in 0.5 M
sodium hydroxide (NaOH) solution were investigated. The mechanical strength of the
post-drawn lignin nanofibers exhibited a 226.2% increase in Young’s modulus and a
21.3% increase in ultimate tensile strength with a draw ratio of two (DR2) via TS. It was
also determined that the macromolecular transitional changes in DR2 fibers became more
aligned as the fiber was post-drawn through polarized Fourier transformed infrared
spectroscopy (pol-FTIR) analysis. In addition, very long, highly aligned continuous fibers
of length 24 cm (DR2) and greater can be fabricated. This contribution can lead to fast,
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inexpensive, and environmentally sustainable material with high carbon yield and
electrical conductivity suitable for carbon-based electrodes, fiber-shaped supercapacitors,
wearable electronics, and applications in construction electronics, transportation, and
aerospace.
In this study, we report the formation of lignin-based nanofibers by an industrially
scalable automated trackspinning system. Since lignin has a low molecular weight, which
reduces its spinnability, polyethylene oxide (PEO) was selected as a binder for the
formation of nanofibers. Fibers spun from aqueous PEO solutions require lower polymer
concentration content, unlike polyvinyl alcohol (PVA), which reduces the challenges of
melting of the fibers and the creation of unnecessary voids during the carbonization
process. Since both polymers are well known for their biocompatibility, the obtained
fibers might have great potential for textiles and biomedical applications. In order to
resolve the brittleness typically found in lignin fiber, glycerol was applied to improve
fiber versatility as a natural and non-toxic plasticizer. Lignin and PEO were dissolved in
an aqueous solution with 0.5 M NaOH to lower costs and be environmentally safe [57].
To the best of our knowledge, there is no report of a continuous manufacturing process
that fabricates highly oriented lignin fiber < 1 μm. Solvent evaporation and drawing
extension forces are the most critical processes that influence fiber morphology. This
research also aimed to obtain a better understanding of the lignin process parameters and
polymer solution characteristics. Post-drawn lignin nanofibers were evaluated using
polarized Fourier-transform infrared (FTIR) spectroscopy to study the changes in
structural properties and functional groups. The effects of applied concentration, collector
distance, track speed, and draw ratio (DR) on morphology were investigated by Scanning
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Electron Microscopy (SEM) and mechanical analysis. Fourier transformed infrared
spectroscopy (FTIR) were analyzed for structural properties and functional groups. The
work also shows that an aqueous Kraft lignin solution can be manually trackspun at a
large scale into a highly aligned post-drawn mat for further carbonization.

Figure 28. (A-B) Schematic illustration of the automated trackspinning (TS) apparatus.
(B) Photograph of the automated TS system coupled with a vertical collection rack for
producing highly aligned post-drawn lignin fibers in ambient air. Varying draw ratios of
nanofibers can be obtained by simply changing the angle or length of the tracks. (D)
Diagram of the trackspinning post-drawing process. The automated TS system allows for
the continuous post-drawing and collection of individual lignin nanofibers. Highly
aligned fibers are pulled from a polymer reservoir using a rotating angled track with
arrays of populated probes that come in direct contact to a second rotating (horizontal)
track. Fibers are post-drawn to a final length at the end of the track.
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5.2

Experimental Section
5.2.1 Materials and methods. Kraft (alkali low sulfonate content) (Mw = 10,000

g/mol) softwood lignin (SL) were obtained from MilliporeSigma (Burlington, MA).
Poly(ethylene oxide) (PEO) with molecular weight of (Mv = 5,000,000 g/mol) (1,000 and
5,000 kD) was purchased from Sigma Aldrich, respectively. Analytical grade sodium
hydroxide was purchased from Thomas Scientific. Glycerol >99.7%, laboratory reagent,
was purchased from VWR Chemical BDH. Deionized (DI) water was used to prepare
aqueous solutions.
5.2.2 Preparation of lignin solution. In previous studies, the solubility of lignin in
aqueous sodium hydroxide solutions with different pH have shown that solutions with a
concentration of 0.5 mol/L (pH > 13) are capable of completely dissolving lignin. This
concentration was selected to prepare blend lignin/PEO solutions throughout the
experiments. A multistage magnetic stirrer/hotplate was used to mix solutions. To
prepare blend lignin/PEO solutions, lignin was first dissolved separately to assure the
complete solubility of the materials. Lignin was gradually added to an aqueous NaOH
solution warmed to 70 °C. The solution was stirred at 70 °C and 900 rpm for 1 h to
completely dissolve the polymer. PEO was dissolved in aqueous water at room
temperature for 24 h under magnetic stirring to avoid agglomeration of polymer. The
desired volumes of each solution were taken and vortexed together for 10 min. Then,
0.2% vol./vol. of glycerol was added and stirred at 70 °C for 1 h. The suspension was
then removed from the bath and left to cool down to room temperature before spinning.
The final solution had a total lignin concentration of 20% wt./vol. and a lignin/PEO ratio
of 9:1.
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5.2.3 Trackspinning apparatus. The experimental setup for track spinning is
shown in Figure 28. This custom track spinning apparatus consists of two rotating tracks,
one in the horizontal direction and the other one angled in the vertical direction. Metal
probes extending from the top track touch the surface of the bottom track. Two
independent stepper motors power each track, and a reservoir located below the tracks
contains a polymer solution. The angled track is populated with arrays of drawing needles
that dip polymer solution from the reservoir and as the angled track rotates it touches the
horizontal track with a rubberized smooth belt. The apparatus was designed to control
various spinning processing parameters, including the angle of the touching tracks (°), the
horizontal collection distance from the point of contact to the collection tray (mm), the
max drawing length of the fibers (which is dependent on the horizontal collection
distance (mm) where the collecting rack is placed), and the speed of the rotating tracks
(mm/min) (that translates into the linear/horizontal drawing rate of the fiber in mm/s).
These processing parameters enable fabrication of uniform diameter, individual
nanofibers, with controlled dimensions in diameter and length. Fibers are continuously
spun by draw/contact spinning between two tracks. The mechanical force applied during
the track spinning process produces a uniaxial orientation of fibers in the drawing
direction. Unlike collecting fibers along a circular axis (such cylinders and cubes) seen in
many other techniques, the automated track system can produce continuously aligned
single filament nanofibers or arrays of nanofibers along a single linear axis as fibers are
suspended over the gap between the tracks. This feature allows for the addition or option
of a secondary post-drawing step(s) prior to collection on a collector stage. The
automated track system has two tracks which are adjustable and can be angled so that
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polymer solutions and melts come into contact with both tracks. A fiber is manually
pulled and elongated to a wide range of fiber lengths and diameters as the gap between
the tracks increases.

Figure 29. (A) Photograph of manual probe drawing with a highly organized array of
needles dipped in lignin solution. (B) Highly aligned fibers were drawn from polymer
solution. (C) Photograph of trackspinning apparatus with an array of needles attached to
the top angled track in close contact to bottom (horizontal) track. (D) Photograph of
individual trackspun post-drawn lignin nanofibers suspended between two rotating tracks
being stretched and drawn up the tracks for collection. € Photograph of uniaxially aligned
microfibers being continuously collected on a stationary vertical collection rack.
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5.2.4 Nanofiber preparation. In previous trackspinning studies, polymer
micro/nanofibers were fabricated by direct contact and subsequent separation of two
opposing tracks. Morphology was controlled by selectively adjusting polymer solution
concentration (wt. %), draw speed (mm/sec), needle diameter (mm), and draw distance
(mm) [77]. For this study, the tracks were fixed at a 42° angle and probing needles of
0.275 mm in diameter on the top track made physical content with the surface of the
opposing track. All the spinning operations were conducted at room temperature. Lignin
fibers were collected onto a 10 cm wide collection tray in an aligned configuration at
various horizontal collection distances measured from the point of contact between the
tracks (initial fiber formation) to the collection tray (Figure 28 D). The angled and
horizontal track speeds remained at 3.39 mm/s and 2.51 mm/s, respectively, for all
samples, resulting in a 2.27 mm/s linear elongation rate for DR1 (final length = 120 mm),
DR1.5 (final length = 180 mm), and DR2 (final length = 240 mm) samples. Five samples
(n = 5) were spun for each collection condition and analyzed, as described in the
following sections. After collection, fibers were transferred onto plastic frames, 1 × 2
cm2 for mechanical testing and characterization.
5.2.5

Fiber

morphology

characterization.

The

morphology

of

the

Lignin/PEO/Glycerol nanofibers was observed using a Phenom Pure SEM instrument
(Nanoscience Instruments, AZ, USA). Images were analyzed using Image J software to
determine

fiber

diameters.

To

improve

the

resolution

of

the

images,

all

Lignin/PEO/Glycerol nanofibers were made electrically conductive by sputtering coating
a thin layer (covering) of gold using a Cressington 108 Auto Sputter Coater (Watford,
England).
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5.2.6 Fiber mechanical characterization. The mechanical properties of the
Lignin/PEO/Glycerol nanofibers were measured using a Shimadzu EZ-SX universal
tensile tester (Kyoto, Japan) with a 2 N load cell at room temperature. The gauge length
and extension (cross-head) speed were fixed and set at 20 mm and 5 mm/min,
respectively, for all measurements. Five independent measurements from each
Lignin/PEO/Glycerol draw ratio were tested until sample failure, and the reported values
were averaged. From the resultant stress-strain curves, the maximum load, Young’s
modulus, percentage extension at break, and yield stress were determined.
5.2.7 Fourier-transform infrared (FTIR) spectroscopy. Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra of various lignin samples
were recorded using a Thermo Scientific 6700 Nicolet FTIR spectrometer (MA, USA)
equipped with a diamond Smart Orbit ATR. Using the standard KBr disk method,
ambient dried samples were scanned 64 times with a nominal resolution of 4 cm-1 from
4000 to 400 cm-1 for each measurement in absorbance mode. Polarized Fourier
Transform Infrared (Pol-FTIR) spectra of Lignin/PEO/Glycerol post-drawn nanofibers
were measured with a Thermo Scientific IS50 Nicolet FTIR spectrometer (MA, USA)
equipped with a standard KBr beamsplitter and an infrared ZeSe wire grid polarizer. The
Pol-FTIR was operated in transmission mode with 128 scans at a resolution of 4 cm-1 in
the frequency range between 4,000 and 400 cm-1. For the polarization experiments,
various post-drawn Lignin/PEO/Glycerol nanofibers were irradiated with a polarized
infrared beam parallel (0°) and perpendicular (90°) to the fiber axis. The IR transmission
spectra of the two polarization conditions were recorded, where parallel absorption (A||)
was obtained by electric vector direction of the polarized parallel (0° with respect to the
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fiber axial direction) IR beam and perpendicular absorption (A⊥) was obtained by
electric vector direction of the polarized parallel (90° with respect to the fiber axial
direction) IR beam. When the polarized electric field contacts the material, the peak
intensity reaches its maximum when the chemical bonds reside or are oriented in the
same direction. To determine the degree of macromolecular (polymer chain) orientation
with the effect of post-drawing treatment at changing draw ratios, Omnic spectra
software (Thermo Fisher Scientific, USA) was used to record the spectra and analyze the
peak intensity of absorbance, after baseline correction and normalization. To find the
degree of molecular orientation, dichroic ratios (D) of each band was calculated
according to the following equation (Eq. 6) [120]:
D = A|| / A⊥

(6)

where A|| and A⊥ are the integrated absorbance of parallel (0°) and perpendicular (90°)
peak intensities. As such, the values of D > 1 represent functional groups oriented
perpendicular to the fiber axis (or draw direction), and the values D < 1 represent
functional groups oriented parallel to the fiber axis. While the value of D = 1 reflects an
isotropic material with no preferred orientation. To qualify alignment, the orientation
parameter (ƒ) can be calculated using the D to determine the orientation correlation of the
aromatic rings to the fiber axis (Eq. 7) [120].
ƒ = (D - 1) (D0 + 2) / (D0 - 1) (D + 2)

(7)

For an isotropic material with no preferred orientation, ƒ = 0. While values close to ƒ = 1
represent aromatic rings that align perfectly parallel with the fiber axis. For values close
to ƒ = -0.5, aromatic rings that align perfectly perpendicular to the fiber axis [120].
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5.3

Results and Discussion
5.3.1 Morphology. Track spinning, when compared to other nanofiber fabrication

techniques, is capable of fabricating highly uniform nanofibers continuously in a
controlled manner by adjusting the processing parameters. In this work, the effect of
various draw ratios (DR) on the fiber morphology was studied by varying the final probe
to track distance at DR1 (120mm), DR1.5 (180 mm), and DR2 (240 mm). The average
diameters of the fabricated nanofibers for DR1, DR1.5, and DR2 were 24.92 ± 7.63 μm,
8.25 ± 5.55 μm, and 3.52 ± 4.54 μm, respectively. From the SEM images (Fig 3), it is
apparent that the average fiber diameter did reduce in size as the probe to track distance
increased. All Lignin/PEO/Glycerol fibers produced had uniform diameters throughout
the fiber length with no beading observed. At each draw ratio, the nanofibers also
exhibited an overall smooth morphology on the surface. In Figure 30 A, the surface of the
drawn DR2 fibers prepared at room temperature was slightly smoother than fibers drawn
at DR1, which had a relatively rough and bumpy surface.
As discussed in previous sections, the arrays of needles on the angled track are
dipped into a polymer solution reservoir and deposited onto the adjacent horizontal track.
Then the deposited polymer solution is drawn between the needle tip and the surface of
the matt. As the angled track and horizontal track proceed down, fibers begin to elongate
along the z-axis (vertical direction). In this process, the diameter of the fiber becomes
smaller in size as the top angled track begins to pull farther away. As shown in the SEM
images of Figure 30 A, the diameter of the nanofiber decreases with the increase of the
horizontal collection distance from the point of contact to the vertical collection tray
(mm). The increase in draw distance by two times, from 120 to 240 mm, led to a decrease
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of about 7 times in the diameter, from 24.92 to 3.52 μm. The large decrease in diameter is
due to the long drying time of fiber in an aqueous-base solvent. For fiber uniformity and
process continuity, polymer concentrations also affect fiber spinnability and fiber
morphology. The physical forces that take place between the probe and the viscoelasticity
of the polymer in the formation and extension of the fiber require the optimization of
these blend ratios between the three polymers used. For example, PEO concentration
lower than 7 wt.% had no fiber formation since the molecular weight was insufficient to
maintain the surface tension of the solution with a few chain entanglements present,
resulting in phase separation. When PEO concentration increases to 10 wt.%, fibers were
continuously held together by the increased viscosity and stable linkages between the
polymers and PEO concentration between 15-20 wt. % resulted in larger initial diameter
fiber. Increasing the PEO concentration above 20 wt. % led to high viscosity solution,
which became difficult to mix thoroughly. Similarly, increasing the lignin content in the
three-phase polymer fiber also resulted in larger diameter fibers. An issue met with
Lignin/PEO only samples with a high amount of lignin resulted in brittle fibers that
crumbled when handled. To remedy this problem, glycerol, a natural plasticizer, was
added as the third phase to increase flexibility and handleability. Thus, the balancing of
the three concentrations is of great principle importance. The concentration for lignin
solution was fixed at 13.3% wt/vol with 1.5% wt/vol of PEO and 1.3 vol/vol% of
glycerol at a draw rate of 2.3 mm/sec, respectively. Under these conditions, the lignin
fibers had smooth surface morphologies without any beading along the fibers.
To avoid fiber fusion, fiber stacking is closely correlated to the evaporation rate of
water. To be able to spin Lignin/PEO/Glycerol fibers, the aqueous-based solution
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requires sufficient time to dry after fiber formation. Since the lignin is dissolved in water
and not in a fast evaporating organic solvent, it requires more time to dry the fiber. Thus,
as mentioned previously in the introduction, the track speed was preset at a very low rate
for fiber generation and drying, which allowed for sufficient water evaporation. However,
in order to increase the fiber throughput with increase track speed, the track can be
extended to ensure a long enough drying time. Also, an air-sealed temperature-controlled
environmental chamber or heating stage could be used to increase the evaporation rate of
the water while allowing the track speed to be increased. Another factor that can attribute
to fiber diameter is the probe size. As the probe diameter increases, the fiber diameter
increases in relation. Compared to other micro/nanofiber fabrication methods, the fibers
formed with trackspinning typically have a broader size distribution due to the uneven
contact point between the probe and the track and some vibration of the tracks. However,
if remedied, size differences would be significantly reduced, leading to narrower size
distributions.
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Figure 30. (A) SEM images show trackspun lignin microfiber morphology collected with
the automated TS system for draw ratio of DR1 (120mm), DR1.5 (180 mm), and DR2
(240 mm). (E) Table shows the post-drawn fiber lengths at initial and final and the
average fiber diameters with their standard deviation (n = 5). All scale bars = 10 μm.

5.3.2

Mechanical.

The tensile properties

of the Lignin/PEO/Glycerol

tricomponent nanofibers with various draw ratios are shown in Figure 31. Figure 31 A
shows the strain-stress curves of the track drawn Lignin/PEO/Glycerol composite fibers
at different draw ratio. The mechanical properties of these samples are summarized in
Figure 31 B-E. The fiber drawing at the various draw ratios showed systematical
increases in ultimate tensile strength and Young’s modulus with increases in draw ratios
and systematical decreases in % elongation at break. For DR1, the tensile strength and
Young’s modulus of the drawn fibers are 3.23 MPa and 0.66 GPa, respectively. DR2
fiber achieved a tensile strength of 3.60 MPa and an elastic modulus of 1.73 GPa. For
DR2 (the highest draw ratio, limited by the length of the track), the tensile strength is
3.92 MPa and elastic modulus is 2.15 GPa. Usually with increase drawing, the strength
and modulus should increase due to the improved orientation of the polymer chains as the
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fiber is drawn [116]. The lower magnitude of mechanical enhancement compared to melt
spun fibers may be due to the presence of the PEO domain or the plasticizing effect of
glycerol that results in a decrease of tensile performance. The bicomponent obstruction in
the drawn fibers could result in the reduction of crystalline orientation. Nevertheless, the
tricomponent nanofiber still obtained an increase in tensile strength of 0.7 MPa from DR1
to DR2 with a PEO content of 10 wt%. Even though the UTS and YM are low for many
load bearing applications, the composite fiber can be converted to carbon fibers with
much higher mechanical properties. In addition, it should be noted in Figure 31 D that the
elongation at break exhibited a slight downward trend with an increase of draw ratio for
lignin/PEO/glycerol tricomponent nanofibers.
To prepare the lignin fibers with sufficient tensile strength and elastic modulus for
carbonization, Lignin/PEO/Glycerol was synthesized as the composite material for
trackspinning. Owing to the obstruction effect, the mechanical properties of the
composite fibers such as breaking stress and elongation-at-break appeared lower than
those of the previously reported values for extruded fibers due to extra components being
added. Generally, solvent-based polymer composites have better mechanical properties
than aqueous-based polymer composite owing to the reinforcing effect of chemical
crosslinking. In this study, trackspun composite fibers showed poor mechanical
properties when compared to solvent extruded fibers, which can be attributed to the
plasticizing effect of glycerol and the ionizing effect of NaOH. The Lignin/PEO/Glycerol
fibers showed a very small increase in breaking stress as the draw ratio increased.
In previous studies, lignin nanofibers were successfully prepared by
electrospinning and centrifugal spinning using organic solvents [67, 121] with carbon
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nanofiber tensile strengths from 15.58 MPa to 4.267 GPa after carbonization [122].
However, with the manual trackspinning process, lignin fibers can be fabricated from an
aqueous base solvent using a simple, rotating array of probes with non-toxic,
biodegradable copolymers, such as PEO and glycerol. Besides, track parameters, a key
factor that affects the spinnability of Lignin/PEO/Glycerol blends is the composition of
binding materials. In this work, the probe spinnability of Lignin/PEO blend alone was
first evaluated as confirmed by previous studies. However, Lignin/PEO fibers with no
glycerol added were found to be very brittle and unmeasurable. In contrast, Lignin/PEO
fibers with glycerol were more flexible. An optimal amount of PEO and glycerol was
selected to maximize the hand ability of Lignin/PEO fibers so that they are compatible
with the carbonization process, while minimizing additives that could interfere with
carbonization. end of lignin as chosen to be >20 wt/v %, PEO was chosen to be >10
wt/v %, and Glyercol was chosen to be 2-4 wt/v %. It should be noted when higher
concentration of glycerol was added, the resultant fiber had lower tensile strength.
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Figure 31. Mechanical properties of trackspun lignin fibers. (A) Photograph of highly
aligned lignin nanofibers across a parallel collection rack and mounted on plastic frame
for tensile testing. (B) Stress-strain curve for DR1, DR1.5, and DR2 lignin fibers. (C-F)
Ultimate tensile stress, elongation at break, modulus of elasticity, and yield stress were
calculated from the stress-strain curves (n = 5).

5.3.3 Fourier-transform infrared (FTIR) analysis. The chemical interactions
between lignin, PEO, and glycerol were investigated by FTIR spectroscopy. The Fourier
transform infrared (FTIR) spectrum in the region from 4000 to 400 cm-1 was used to
identify the functionality of pristine kraft lignin, kraft lignin with low sulfur
concentration, lignin/PEO, and lignin/PEO with added 2% wt. and 4% wt. glycerol. In
Figure 32 A, the spectra of pristine kraft lignin showed a very broad band between 34193328 cm-1 that corresponds to the hydroxyl (O-H) stretching vibration of the aromatic
(phenolic hydroxyl) and aliphatic (alcoholic hydroxyl) groups. The characteristic bands
related to C-H stretching and bending vibration modes of methylene (-CH2-) were present
2936-2917 cm-1 and methyl (-CH3) coming from the side chains and aromatic methoxy
groups are present at 1432-1448 cm-1. The frequencies between 1700-1600 cm-1 typically
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represent the carbonyl stretching (C=O) vibrations for various chemical functionalities of
carboxylic acids and esters in lignin. The series of peaks from 1600 to 1500 cm -1
represent the aromatic skeletal vibrations of C-H and C=C bonds. Bands between 13001000 cm-1 with absorbance peaks around 1216, 1149, 1058, and 1032 cm-1 corresponds to
the C-O of guaiacyl ring, C-O-C moieties (from ethers and esters), C-O stretch of the COH group, and aromatic C-H in plane deformation, respectively [56]. The spectra of kraft
lignin with low sulfur concentration showed similar absorption peaks to those seen in
kraft lignin (Figure 32 A). However, a strong, sharp peak was recorded at around 1637
cm-1, which corresponds to the formation of carbonyl (C=O) groups. The stronger than
normal peak indicates that the kraft lignin with low sulfur concentration had more
oxidation in air, since more carbonyl (C=O) groups were present. This could be due to
formulation process that affect the various chemical functionalities of lignin.
To investigate the chemical interactions between PEO and the lignin, 10% wt. of
PEO was added to the kraft lignin with low sulfur concentration. From the Lignin/PEO
spectra in Figure 32 A, the wide hydrogen bonded (O-H) peak shifted slightly to a lower
wavenumber when blended from 3415 to 3370 cm-1. The hydroxyl (O-H) stretching
vibration also resulted in a stronger, narrower pronounced peak as more hydrogen bonds
are formed between the lignin and PEO. When 2% glycerol was added to the fibers, the
C-O stretch of the C-OH group stretching band shifted from 1086 to 1105 cm-1 and the
aromatic out-plane C-H shifted from 837 to 842 cm-1. In addition, the O-H absorbance
band at 3349 cm-1 shifted to 3302 cm-1. With 4% glycerol loading, the relative intensity
of the O-H peak increase significantly. The data suggests that the presence of the glycerol
significantly interacts with the intermolecular hydrogen bonding of the lignin/PEO fibers.
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5.3.4 Polarized Fourier-transform infrared (FTIR) spectroscopy. To evaluate
the changes in aromatic ring orientation with post-drawing, polarized Fourier-transform
infrared spectroscopy (FTIR) was used to examine the aromatic C-H groups of the
Lignin/PEO/Glycerol 2% wt. nanofibers. In a recent study, pol-FTIR was used to study
the orientation behavior of aromatic rings in trackspun nanofibers (between parallel
plates). By differentiating between the intensity bands at 90° and 0°, the orientation
behavior of the aromatic rings can be obtained by investigating the orientation degree of
C=O and C-H transition moments. The dichroism measurements can be identified and
determined by the functional groups that have preferred alignment along the fiber axis.
Chemical groups were qualitatively analyzed by polarized FTIR by assigning the
different signals. There are four major absorption bands with dichroic properties at 3050,
1710, 860 and 810 cm-1 [120]. The band at 3050 cm-1 corresponds to the C-H of the sp2
carbon on the phenolic rings, while the band at 1710 cm-1 region corresponds to the C=O
stretch vibration. Also, the bands at 860 and 810 cm-1 represent the aromatic C-H out of
plane bending in positions 2,5 and 6 carbons on lignin. Changes in the dichroic ratio for
the carbonyl (C=O) stretching vibration of the aromatic rings at wavelength 1710 cm-1
were observed with increasing draw ratio. The carbonyl absorption intensities for
Lignin/PEO/Glycerol nanofibers collected on the TS apparatus were greater when the
FTIR beam was polarized perpendicular to the fiber axis, suggesting that the carbonyl is
gradually becoming more aligned normal to the direction of the fiber axis. The peaks at
3050, 860, and 810 cm-1 related to the vibrations of methine stretching (=CH−, C−H) and
C-H out of plane bending of the aromatic rings were not selected due to shared peaks
with PEO and glycerol which broaden the overall absorption band. In Figure 32 B-C, the
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absorbances of DR1, DR1.5, and DR2 fibers were scanned every 15°. From 1800 to 1300
cm-1, the aromatic rings of drawn DR1 fibers have shown to no orientation with a
dichroic ratio of 1.01 (close to D = 1). As the fiber is drawn farther, the aromatic ring
begins to align slightly perpendicular to the fiber axis with a dichroic ratio of 1.86. With
D > 1, the lignin indicates anisotropic polymer chain structures. At DR2, the dichroic
ratio value is 2.25, which indicates that post-drawing can induce orientation in the lignin
with molecular alignment. Thus, lignin molecules can be controlled and organized with
TS as the fibers are post-drawn and dried in ambient air.

Figure 32. (A) FTIR absorbance spectra of pristine kraft lignin, kraft lignin with low
sulfur concentration, lignin/PEO, and lignin/PEO with added 2% wt. and 4% wt. glycerol
sample from 4000 to 400 cm-1. (B-D) Polarized FTIR spectra of trackspun DR1, DR1.5,
and DR2 lignin fibers obtained with the electric field at different angles with respect to
the fibers, 0° (electric field is parallel to the fiber), 15°, 30°, 45°, 60°, 75°, and 90°
(electric field is perpendicular to the fiber). (E) Table shows the post-drawn fiber dichroic
ratios for the carbonyl (C=O) stretching vibration of the aromatic rings at wavelength
1710 cm-1.
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5.4

Conclusion
In summary, we successfully prepared lignin and PEO micro/nanofibers from an

aqueous base solution by trackspinnning with improved mechanical and physical
properties. Bead-free fibers were achieved with a lignin content of 20 wt%. However, by
modifying the viscosity of the solution influencing the original fiber diameter dimension,
higher lignin and PEO content may be used. The method uses arrays of probes attached to
a rotating track to draw out fibers from a polymer solution continuously. With increases
in draw ratio, the fiber diameter decreased. As both lignin and PEO are eco-friendly and
biocompatible, the water-based solution opens sustainable opportunities to manufacture
lignin-based carbon nanofibers for structural applications such as fiber-reinforced parts
and technological applications such as green electrodes or energy storage separator
materials. The TS technique is highly advantageous for generating highly aligned
nanofibers relative to other conventional methods. The high alignment can facilitate
better structural stability in interconnect three-dimensional network structure, leading to
improved porosity for electrolyte uptake, enhanced wettability, and higher ionic
conductivity as a green battery material.
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Chapter 6
Conclusion
The central hypothesis was that automated track collection could be implemented
to a variety of established nanofiber fabrication technologies to address processing,
assembly, and throughput limitations. Electrospinning, centrifugal spinning, and direct
drawing yielded highly aligned fiber arrays with the introduction of the automated tracks
while also allowing the continuous and scalable manufacturing of micro- and nanoscale
fibers. The introduction of post-drawing, facilitated by the automated tracks, resulted in
improved macromolecular alignment and enhanced mechanical properties of the fibers.
Chapter 1 explored the history of polymer fiber production, the current status of
extruding, the established electrospinning process, and the emerging nanofiber
technologies. We highlight the significant impact that nanofibers have on various fields,
such as energy storage, composites, and tissue regeneration. We briefly introduced
various protein-based and carbon-based materials, such as silk fibroin and lignin, and
discussed their applications. We address the issues facing emerging nanofiber
technologies and then reflect on what needs to be overcome in order for these strategies
to be effective in the commercial and industrial setting. Chapter 2 establishes the
automated track system with electrospinning for silk fibroin (SF) for tissue engineering
applications. It is a protein-based polymer that is biodegradable and biocompatible in the
body. The research gave valuable insight into how nanofiber properties can be tuned after
drawing, which is essential for the design of fiber-reinforced tissue scaffolds. The postdrawing from the automated track resulted in altered chemical bond composition and
macromolecular alignment of fibrous protein chains and crystalline β-sheets in the fiber
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axis direction, which led to improved mechanics. Chapter 3 shows how the automated
track system can be implemented to expand the versatility of centrifugal spinning and
other alternative methods to improve upon their deficiencies. By addressing the collection
limitation of centrifugal spinning, we were able to exploit its high throughput capabilities
that have plagued its move towards maturation. The main challenge in this process is
optimizing the air movements of various rotatory headpieces. The study provided a way
to model and simulate centrifugal rotational airflow using computational fluid dynamics
(CFD). The CFD simulations results offered an informative interpretation of the fluid
flow behavior of the different designs around an axial rotor. The anisotropic structural
properties in the PAN nanofibers are successfully induced, and mechanical properties
were enhanced through post-drawing. The results show that centrifugal trackspinning is a
promising process for fabricating nanofibers with enhanced properties structures. Chapter
4 demonstrated the practicality of probe drawing by taking an automated tracked
approach. We substituted this non-continuous manual drawing approach, which
comprises either an array of probes or compressing plates with two angled tracks that
touch at the top. The study showed a diameter and collection length relationship for
PVAc and PU fibers and dependence on various concentrations. We examined the fiber's
morphology and assessed the fibers' uniformity at different regions along the span of
fibers. We found that fiber formation was uniform and smooth throughout the fiber's
length with a less than 2% change in diameter. We show the versatility of the
trackspinning system by spinning a naturally derived solvent-based PS solutions and PCL
melts. Finally, we showed the track scalability by simply widening the track to increase
throughput. Due to the simplicity of the setup and the ability for direct fiber placement,
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customizable scaffolds of varying dimensions, pore sizes, and fiber alignments can be
fabricated. Chapter 5 shows the versatility of the trackspinning technology to spin lowcost and green sustainable nanofiber materials with high alignment, compare to
conventional electrospinning. Although considerable progress has been made in terms of
high production rates, specific emerging applications in various sectors still require
additional improvement in alignment and diameter uniformity that should not be
overlooked.

\

125

References
[1]

C. T. Lim, "Nanofiber technology: current status and emerging developments,"
Progress in Polymer Science, vol. 70, pp. 1-17, 2017.

[2]

A. Kakoria and S. Sinha-Ray, "A review on biopolymer-based fibers via
electrospinning and solution blowing and their applications," Fibers, vol. 6, no. 3,
p. 45, 2018.

[3]

H. Lee, Y. Inoue, M. Kim, X. Ren, and I. Kim, "Effective Formation of WellDefined Polymeric Microfibers and Nanofibers with Exceptional Uniformity by
Simple Mechanical Needle Spinning," Polymers, vol. 10, no. 9, p. 980, 2018.

[4]

X. Zhang and Y. Lu, "Centrifugal spinning: an alternative approach to fabricate
nanofibers at high speed and low cost," Polymer Reviews, vol. 54, no. 4, pp. 677701, 2014.

[5]

T. SAITO and S. KINUGASA, "Development and release of a spectral database
for organic compounds," Synthesiology English edition, vol. 4, no. 1, pp. 35-44,
2011.

[6]

V. Beachley, E. Katsanevakis, N. Zhang, and X. Wen, "A novel method to
precisely assemble loose nanofiber structures for regenerative medicine
applications," Advanced healthcare materials, vol. 2, no. 2, pp. 343-351, 2013.

[7]

D. A. Brennan et al., "Mechanical Considerations for Electrospun Nanofibers in
Tendon and Ligament Repair," Advanced healthcare materials, p. 1701277, 2018.

[8]

V. Beachley and X. Wen, "Fabrication of nanofiber reinforced protein structures
for tissue engineering," Materials Science Engineering, vol. 29, no. 8, pp. 24482453, 2009.

[9]

V. Beachley and X. Wen, "Polymer nanofibrous structures: Fabrication,
biofunctionalization, and cell interactions," Progress in polymer science, vol. 35,
no. 7, pp. 868-892, 2010.

[10]

Y. Zhao, Y. Qiu, H. Wang, Y. Chen, S. Jin, and S. Chen, "Preparation of
nanofibers with renewable polymers and their application in wound dressing,"
International Journal of Polymer Science, vol. 2016, 2016.

[11]

D. R. Bienek, K. M. Hoffman, and W. Tutak, "Blow-spun chitosan/PEG/PLGA
nanofibers as a novel tissue engineering scaffold with antibacterial properties,"
Journal of Materials Science: Materials in Medicine, vol. 27, no. 9, p. 146, 2016.

[12]

S. Kumbar, R. James, S. Nukavarapu, and C. Laurencin, "Electrospun nanofiber
scaffolds: engineering soft tissues," Biomedical materials, vol. 3, no. 3, p.
034002, 2008.

126

[13]

N. E. Zander, M. Gillan, and D. Sweetser, "Recycled PET nanofibers for water
filtration applications," Materials, vol. 9, no. 4, p. 247, 2016.

[14]

Z. Wang, H. Ma, B. Chu, and B. S. Hsiao, "Fabrication of cellulose
nanofiber‐based ultrafiltration membranes by spray coating approach," Journal of
Applied Polymer Science, vol. 134, no. 11, 2017.

[15]

C. Liu et al., "Transparent air filter for high-efficiency PM 2.5 capture," Nature
communications, vol. 6, p. 6205, 2015.

[16]

H. s. Wang, D. Chen, and C. z. Chuai, "Mechanical and barrier properties of
LLDPE/chitosan blown films for packaging," Packaging Technology Science, vol.
28, no. 10, pp. 915-923, 2015.

[17]

E. Tan and C. Lim, "Mechanical characterization of nanofibers–a review,"
Composites science technology, vol. 66, no. 9, pp. 1102-1111, 2006.

[18]

J. Yao, C. Bastiaansen, and T. Peijs, "High strength and high modulus electrospun
nanofibers," Fibers, vol. 2, no. 2, pp. 158-186, 2014.

[19]

D. D. da Silva Parize et al., "Solution blow spinning: parameters optimization and
effects on the properties of nanofibers from poly (lactic acid)/dimethyl carbonate
solutions," Journal of materials science, vol. 51, no. 9, pp. 4627-4638, 2016.

[20]

S. Sinha-Ray, S. Sinha-Ray, A. L. Yarin, and B. Pourdeyhimi, "Theoretical and
experimental investigation of physical mechanisms responsible for polymer
nanofiber formation in solution blowing," Polymer, vol. 56, pp. 452-463, 2015.

[21]

R. Liu, X. Xu, X. Zhuang, and B. Cheng, "Solution blowing of chitosan/PVA
hydrogel nanofiber mats," Carbohydrate polymers, vol. 101, pp. 1116-1121, 2014.

[22]

F. Liu et al., "Preparation of zein fibers using solution blow spinning method,"
Journal of food science, vol. 81, no. 12, pp. N3015-N3025, 2016.

[23]

S. Sett, K. Stephansen, and A. Yarin, "Solution-blown nanofiber mats from fish
sarcoplasmic protein," Polymer, vol. 93, pp. 78-87, 2016.

[24]

S. Marano, S. A. Barker, B. T. Raimi-Abraham, S. Missaghi, A. RajabiSiahboomi, and D. Q. Craig, "Development of micro-fibrous solid dispersions of
poorly water-soluble drugs in sucrose using temperature-controlled centrifugal
spinning," European Journal of Pharmaceutics Biopharmaceutics, vol. 103, pp.
84-94, 2016.

[25]

Y. Lu et al., "Parameter study and characterization for polyacrylonitrile nanofibers
fabricated via centrifugal spinning process," European Polymer Journal, vol. 49,
no. 12, pp. 3834-3845, 2013.

127

[26]

H. Lee et al., "Handspinning enabled highly concentrated carbon nanotubes with
controlled orientation in nanofibers," Scientific reports, vol. 6, p. 37590, 2016.

[27]

K. Watanabe, B. S. Kim, Y. Enomoto, and I. S. Kim, "Fabrication of uniaxially
aligned poly (propylene) nanofibers via handspinning," Macromolecular
Materials Engineering, vol. 296, no. 6, pp. 568-573, 2011.

[28]

S. Padron, A. Fuentes, D. Caruntu, and K. Lozano, "Experimental study of
nanofiber production through forcespinning," Journal of applied physics, vol.
113, no. 2, p. 024318, 2013.

[29]

I. G. P. A. E. Wiraputra, A. Fauzi, A. Zulfi, and M. M. Munir, "The Design of
Mini-Rotary Forcespinning System for Nanofiber Synthesis," Procedia
engineering, vol. 170, pp. 24-30, 2017.

[30]

J. Cheng, Y. Jun, J. Qin, and S.-H. Lee, "Electrospinning versus microfluidic
spinning of functional fibers for biomedical applications," Biomaterials, vol. 114,
pp. 121-143, 2017.

[31]

A. Tokarev, O. Trotsenko, I. M. Griffiths, H. A. Stone, and S. Minko,
"Magnetospinning of Nano‐and Microfibers," Advanced Materials, vol. 27, no.
23, pp. 3560-3565, 2015.

[32]

J.-T. Li et al., "Fabrication of Continuous Microfibers Containing Magnetic
Nanoparticles by a Facile Magneto-Mechanical Drawing," Nanoscale research
letters, vol. 11, no. 1, p. 426, 2016.

[33]

D. M. Sweetser and N. E. Zander, "Parameter Study of Melt Spun Polypropylene
Fibers by Centrifugal Spinning," ARMY RESEARCH LAB ABERDEEN
PROVING GROUND MD, 2014.

[34]

L. F. Deravi et al., "Design and fabrication of fibrous nanomaterials using pull
spinning," Macromolecular Materials, vol. 302, no. 3, p. 1600404, 2017.

[35]

M. R. Badrossamay, H. A. McIlwee, J. A. Goss, and K. K. Parker, "Nanofiber
assembly by rotary jet-spinning," Nano letters, vol. 10, no. 6, pp. 2257-2261,
2010.

[36]

L. Ren, V. Pandit, J. Elkin, T. Denman, J. A. Cooper, and S. P. Kotha, "Large-scale
and highly efficient synthesis of micro-and nano-fibers with controlled fiber
morphology by centrifugal jet spinning for tissue regeneration," Nanoscale, vol.
5, no. 6, pp. 2337-2345, 2013.

[37]

J. J. Rogalski, C. W. Bastiaansen, and T. Peijs, "Rotary jet spinning review–a
potential high yield future for polymer nanofibers," Nanocomposites, vol. 3, no. 4,
pp. 97-121, 2017.

128

[38]

A. Tokarev et al., "Touch‐and Brush‐Spinning of Nanofibers," Advanced
Materials, vol. 27, no. 41, pp. 6526-6532, 2015.

[39]

A. S. Nain, J. A. Phillippi, M. Sitti, J. MacKrell, P. G. Campbell, and C. Amon,
"Control of Cell Behavior by Aligned Micro/Nanofibrous Biomaterial Scaffolds
Fabricated by Spinneret‐Based Tunable Engineered Parameters (STEP)
Technique," Small, vol. 4, no. 8, pp. 1153-1159, 2008.

[40]

A. S. Nain and J. Wang, "Polymeric nanofibers: isodiametric design space and
methodology for depositing aligned nanofiber arrays in single and multiple
layers," Polymer journal, vol. 45, no. 7, p. 695, 2013.

[41]

Z. Ye, A. S. Nain, and B. Behkam, "Spun-wrapped aligned nanofiber (SWAN)
lithography for fabrication of micro/nano-structures on 3D objects," Nanoscale,
vol. 8, no. 25, pp. 12780-12786, 2016.

[42]

S. Mahalingam and M. Edirisinghe, "Forming of polymer nanofibers by a
pressurised gyration process," Macromolecular rapid communications, vol. 34,
no. 14, pp. 1134-1139, 2013.

[43]

T. Senthilram, L. A. Mary, J. R. Venugopal, L. Nagarajan, S. Ramakrishna, and V.
R. G. Dev, "Self crimped and aligned fibers," Materials Today, vol. 14, no. 5, pp.
226-229, 2011.

[44]

Y. Liu, X. Zhang, Y. Xia, and H. Yang, "Magnetic‐field‐assisted electrospinning of
aligned straight and wavy polymeric nanofibers," Advanced Materials, vol. 22,
no. 22, pp. 2454-2457, 2010.

[45]

S. Shen, A. Henry, J. Tong, R. Zheng, and G. Chen, "Polyethylene nanofibres with
very high thermal conductivities," Nature nanotechnology, vol. 5, no. 4, p. 251,
2010.

[46]

R. Shrestha et al., "Crystalline polymer nanofibers with ultra-high strength and
thermal conductivity," Nature communications, vol. 9, 2018.

[47]

D. A. Brennan, D. Jao, M. C. Siracusa, A. R. Wilkinson, X. Hu, and V. Z.
Beachley, "Concurrent collection and post-drawing of individual electrospun
polymer nanofibers to enhance macromolecular alignment and mechanical
properties," Polymer, vol. 103, pp. 243-250, 2016.

[48]

M. P. Groover, Fundamentals of modern manufacturing: materials, processes,
and systems. John Wiley & Sons, 2020.

[49]

W. Qiu, A. Patil, F. Hu, and X. Y. Liu, "Hierarchical Structure of Silk Materials
Versus Mechanical Performance and Mesoscopic Engineering Principles," Small,
p. 1903948, 2019.

129

[50]

B. Aghaei-Ghareh-Bolagh, S. M. Mithieux, M. A. Hiob, Y. Wang, A. Chong, and
A. S. Weiss, "Fabricated tropoelastin-silk yarns and woven textiles for diverse
tissue engineering applications," Acta biomaterialia, vol. 91, pp. 112-122, 2019.

[51]

M. Ago, J. E. Jakes, and O. J. Rojas, "Thermomechanical properties of ligninbased electrospun nanofibers and films reinforced with cellulose nanocrystals: A
dynamic mechanical and nanoindentation study," ACS applied materials &
interfaces, vol. 5, no. 22, pp. 11768-11776, 2013.

[52]

C. Guo, C. Li, X. Mu, and D. L. Kaplan, "Engineering silk materials: From
natural spinning to artificial processing," Applied Physics Reviews, vol. 7, no. 1,
p. 011313, 2020.

[53]

G. Zhou, Z. Shao, D. P. Knight, J. Yan, and X. Chen, "Silk fibers extruded
artificially from aqueous solutions of regenerated Bombyx mori silk fibroin are
tougher than their natural counterparts," Advanced Materials, vol. 21, no. 3, pp.
366-370, 2009.

[54]

Y. Jin, Y. Zhang, Y. Hang, H. Shao, and X. Hu, "A simple process for dry spinning
of regenerated silk fibroin aqueous solution," Journal of Materials Research, vol.
28, no. 20, p. 2897, 2013.

[55]

J. Sparkes and C. Holland, "Analysis of the pressure requirements for silk
spinning reveals a pultrusion dominated process," Nature communications, vol. 8,
no. 1, pp. 1-10, 2017.

[56]

J. F. Vivo-Vilches et al., "Lignin-based carbon nanofibers as electrodes for
vanadium redox couple electrochemistry," Nanomaterials, vol. 9, no. 1, p. 106,
2019.

[57]

V. Poursorkhabi, A. K. Mohanty, and M. Misra, "Electrospinning of aqueous
lignin/poly (ethylene oxide) complexes," Journal of Applied Polymer Science,
vol. 132, no. 2, 2015.

[58]

E. Stojanovska et al., "A review on non-electro nanofibre spinning techniques,"
RSC Advances, vol. 6, no. 87, pp. 83783-83801, 2016.

[59]

V. Beachley and X. Wen, "Effect of electrospinning parameters on the nanofiber
diameter and length," Materials Science Engineering, vol. 29, no. 3, pp. 663-668,
2009.

[60]

H. K. Frost et al., "Electrospun nerve guide conduits have the potential to bridge
peripheral nerve injuries in vivo," vol. 8, no. 1, p. 16716, 2018.

[61]

W. Fang, S. Yang, X.-L. Wang, T.-Q. Yuan, and R.-C. Sun, "Manufacture and
application of lignin-based carbon fibers (LCFs) and lignin-based carbon
nanofibers (LCNFs)," Green Chemistry, vol. 19, no. 8, pp. 1794-1827, 2017.

130

[62]

R. Madurga et al., "Comparison of the effects of post-spinning drawing and wet
stretching on regenerated silk fibers produced through straining flow spinning,"
Polymer, vol. 150, pp. 311-317, 2018.

[63]

S.-J. Lee, M. Nowicki, B. Harris, and L. G. J. T. E. P. A. Zhang, "Fabrication of a
highly aligned neural scaffold via a table top stereolithography 3D printing and
electrospinning," vol. 23, no. 11-12, pp. 491-502, 2017.

[64]

R. Schaller, K. Feldman, P. Smith, and T. A. Tervoort, "High-performance
polyethylene fibers “al dente”: improved gel-spinning of ultrahigh molecular
weight polyethylene using vegetable oils," Macromolecules, vol. 48, no. 24, pp.
8877-8884, 2015.

[65]

J. Ma, Q. Zhang, Y. Zhang, L. Zhou, J. Yang, and Z. Ni, "A rapid and simple
method to draw polyethylene nanofibers with enhanced thermal conductivity,"
Applied Physics Letters, vol. 109, no. 3, p. 033101, 2016.

[66]

D. A. Baker and T. G. Rials, "Recent advances in low‐cost carbon fiber
manufacture from lignin," Journal of Applied Polymer Science, vol. 130, no. 2,
pp. 713-728, 2013.

[67]

E. Stojanovska, M. Kurtulus, A. Abdelgawad, Z. Candan, and A. Kilic,
"Developing lignin-based bio-nanofibers by centrifugal spinning technique,"
International journal of biological macromolecules, vol. 113, pp. 98-105, 2018.

[68]

D. A. Brennan, K. Shirvani, C. D. Rhoads, S. E. Lofland, and V. Z. Beachley,
"Electrospinning and post-drawn processing effects on the molecular organization
and mechanical properties of polyacrylonitrile (PAN) nanofibers," MRS
Communications, vol. 9, no. 2, pp. 764-772, 2019.

[69]

C. Zhang, Y. Zhang, J. Luo, J. Shi, H. Shao, and X. Hu, "Microstructural
evolution of regenerated silk fibroin/graphene oxide hybrid fibers under tensile
deformation," RSC advances, vol. 7, no. 6, pp. 3108-3116, 2017.

[70]

Q. Liu, F. Wang, Z. Gu, Q. Ma, and X. Hu, "Exploring the structural
transformation mechanism of chinese and Thailand silk fibroin fibers and formicacid fabricated silk films," International journal of molecular sciences, vol. 19,
no. 11, p. 3309, 2018.

[71]

F. Zhang, R. Yang, P. Zhang, J. Qin, Z. Fan, and B. Zuo, "Water-Rinsed
Nonmulberry Silk Film for Potential Tissue Engineering Applications," ACS
Omega, vol. 4, no. 2, pp. 3114-3121, 2019.

[72]

Y. Xue, F. Wang, M. Torculas, S. Lofland, and X. Hu, "Formic Acid Regenerated
Mori, Tussah, Eri, Thai, and Muga Silk Materials: Mechanism of Self-Assembly,"
ACS Biomaterials Science & Engineering, vol. 5, no. 12, pp. 6361-6373, 2019.

131

[73]

J. Hietala, A. Vuori, P. Johnsson, I. Pollari, W. Reutemann, and H. Kieczka,
"Ullmann's Encyclopedia of Industrial Chemistry: Formic Acid," 2016.

[74]

X. Zhang, D. Gong, and Y. Gong, "Insight into the orientation behavior of
thermal-aged and historic silk fabrics by polarized FTIR microspectroscopy,"
Journal of Cultural Heritage, vol. 38, pp. 53-63, 2019.

[75]

D. Marsh, "Dichroic ratios in polarized Fourier transform infrared for nonaxial
symmetry of beta-sheet structures," Biophysical journal, vol. 72, no. 6, pp. 27102718, 1997.

[76]

F. Paquet-Mercier, T. Lefèvre, M. Auger, and M. Pézolet, "Evidence by infrared
spectroscopy of the presence of two types of β-sheets in major ampullate spider
silk and silkworm silk," Soft Matter, vol. 9, no. 1, pp. 208-215, 2013.

[77]

D. Jao and V. Z. Beachley, "Continuous dual-track fabrication of polymer micro/nanofibers based on direct drawing," ACS Macro Letters, vol. 8, no. 5, pp. 588595, 2019.

[78]

R. Madurga, A. M. Gañán-Calvo, G. R. Plaza, G. V. Guinea, M. Elices, and J.
Pérez-Rigueiro, "Straining flow spinning: production of regenerated silk fibers
under a wide range of mild coagulating chemistries," Green Chemistry, vol. 19,
no. 14, pp. 3380-3389, 2017.

[79]

F. Wang, N. Wolf, E.-M. Rocks, T. Vuong, and X. Hu, "Comparative studies of
regenerated water-based Mori, Thai, Eri, Muga and Tussah silk fibroin films,"
Journal of Thermal Analysis and Calorimetry, vol. 122, no. 3, pp. 1069-1076,
2015.

[80]

Q. Lu et al., "Water-insoluble silk films with silk I structure," Acta biomaterialia,
vol. 6, no. 4, pp. 1380-1387, 2010.

[81]

X. Hu et al., "Biomaterials from ultrasonication-induced silk fibroin− hyaluronic
acid hydrogels," Biomacromolecules, vol. 11, no. 11, pp. 3178-3188, 2010.

[82]

J. Zhang, R. Rajkhowa, J. Li, X. Liu, and X. Wang, "Silkworm cocoon as natural
material and structure for thermal insulation," Materials & Design, vol. 49, pp.
842-849, 2013.

[83]

A. J. Berger, K. M. Linsmeier, P. K. Kreeger, and K. S. J. B. Masters,
"Decoupling the effects of stiffness and fiber density on cellular behaviors via an
interpenetrating network of gelatin-methacrylate and collagen," vol. 141, pp. 125135, 2017.

[84]

K. A. Callaway, Y. Xue, V. Altimari, G. Jiang, and X. Hu, "Comparative
investigation of thermal and structural behavior in renewably sourced composite
films of even-even nylons (610 and 1010) with silk fibroin," Polymers, vol. 10,
no. 9, p. 1029, 2018.

132

[85]

X. Hu, D. Kaplan, and P. Cebe, "Determining beta-sheet crystallinity in fibrous
proteins by thermal analysis and infrared spectroscopy," Macromolecules, vol. 39,
no. 18, pp. 6161-6170, 2006.

[86]

Y. Shen, M. A. Johnson, and D. C. Martin, "Microstructural characterization of
Bombyx mori silk fibers," Macromolecules, vol. 31, no. 25, pp. 8857-8864, 1998.

[87]

T. Lefèvre, M.-E. Rousseau, and M. Pézolet, "Protein secondary structure and
orientation in silk as revealed by Raman spectromicroscopy," Biophysical journal,
vol. 92, no. 8, pp. 2885-2895, 2007.

[88]

D. Hernández Cruz, M.-E. Rousseau, M. M. West, M. Pézolet, and A. P.
Hitchcock, "Quantitative Mapping of the Orientation of Fibroin β-Sheets in B. m
ori Cocoon Fibers by Scanning Transmission X-ray Microscopy,"
Biomacromolecules, vol. 7, no. 3, pp. 836-843, 2006.

[89]

C. Xu, D. Li, Y. Cheng, M. Liu, Y. Zhang, and B. Ji, "Pulling out a peptide chain
from $${\upbeta} $$-sheet crystallite: Propagation of instability of H-bonds under
shear force," Acta Mechanica Sinica, vol. 31, no. 3, pp. 416-424, 2015.

[90]

X. Hu, D. Kaplan, and P. Cebe, "Dynamic protein− water relationships during βsheet formation," Macromolecules, vol. 41, no. 11, pp. 3939-3948, 2008.

[91]

P. Garside, S. Lahlil, and P. Wyeth, "Characterization of historic silk by polarized
attenuated total reflectance Fourier transform infrared spectroscopy for informed
conservation," Applied spectroscopy, vol. 59, no. 10, pp. 1242-1247, 2005.

[92]

M. Boulet-Audet, T. Lefèvre, T. Buffeteau, and M. Pézolet, "Attenuated total
reflection infrared spectroscopy: an efficient technique to quantitatively determine
the orientation and conformation of proteins in single silk fibers," Applied
spectroscopy, vol. 62, no. 9, pp. 956-962, 2008.

[93]

W. Zhou, X. Chen, and Z. Shao, "Conformation studies of silk proteins with
infrared and raman spectroscopy," Progress in Chemistry, vol. 18, no. 11, p. 1514,
2006.

[94]

J. Pérez-Rigueiro et al., "Straining flow spinning of artificial silk fibers: A
review," Biomimetics, vol. 3, no. 4, p. 29, 2018.

[95]

J. Yan, G. Zhou, D. P. Knight, Z. Shao, and X. Chen, "Wet-spinning of
regenerated silk fiber from aqueous silk fibroin solution: discussion of spinning
parameters," Biomacromolecules, vol. 11, no. 1, pp. 1-5, 2010.

[96]

Q. Peng et al., "Recombinant spider silk from aqueous solutions via a bio-inspired
microfluidic chip," Scientific reports, vol. 6, p. 36473, 2016.

133

[97]

S. Ling, Z. Qin, C. Li, W. Huang, D. L. Kaplan, and M. J. Buehler, "Polymorphic
regenerated silk fibers assembled through bioinspired spinning," Nature
communications, vol. 8, no. 1, pp. 1-12, 2017.

[98]

C. Yao, X. Li, T. Song, Y. Li, and Y. Pu, "Biodegradable nanofibrous membrane of
zein/silk fibroin by electrospinning," Polymer international, vol. 58, no. 4, pp.
396-402, 2009.

[99]

X. Hu, D. Kaplan, and P. Cebe, "Effect of water on the thermal properties of silk
fibroin," Thermochimica Acta, vol. 461, no. 1-2, pp. 137-144, 2007.

[100] D. Chouhan, B. Chakraborty, S. K. Nandi, and B. B. Mandal, "Role of nonmulberry silk fibroin in deposition and regulation of extracellular matrix towards
accelerated wound healing," Acta biomaterialia, vol. 48, pp. 157-174, 2017.
[101] S. Chen, S. K. Boda, S. K. Batra, X. Li, and J. Xie, "Emerging roles of
electrospun nanofibers in cancer research," Advanced healthcare materials, vol. 7,
no. 6, p. 1701024, 2018.
[102] X. Mu, V. Fitzpatrick, and D. L. Kaplan, "From Silk Spinning to 3D Printing:
Polymer Manufacturing using Directed Hierarchical Molecular Assembly,"
Advanced Healthcare Materials, p. 1901552, 2020.
[103] S. Wu, Y. Wang, P. N. Streubel, and B. Duan, "Living nanofiber yarn-based
woven biotextiles for tendon tissue engineering using cell tri-culture and
mechanical stimulation," Acta biomaterialia, vol. 62, pp. 102-115, 2017.
[104] C.-Y. Wang, K.-H. Zhang, C.-Y. Fan, X.-M. Mo, H.-J. Ruan, and F.-F. Li,
"Aligned natural–synthetic polyblend nanofibers for peripheral nerve
regeneration," Acta Biomaterialia, vol. 7, no. 2, pp. 634-643, 2011.
[105] L. Wang, Y. Wu, T. Hu, P. X. Ma, and B. Guo, "Aligned conductive core-shell
biomimetic scaffolds based on nanofiber yarns/hydrogel for enhanced 3D neurite
outgrowth alignment and elongation," Acta biomaterialia, vol. 96, pp. 175-187,
2019.
[106] M. Naraghi, S. Arshad, and I. Chasiotis, "Molecular orientation and mechanical
property size effects in electrospun polyacrylonitrile nanofibers," Polymer, vol.
52, no. 7, pp. 1612-1618, 2011.
[107] S. Hosseini Ravandi, E. Hassanabadi, H. Tavanai, and R. Abuzade, "Mechanical
properties and morphology of hot drawn polyacrylonitrile nanofibrous yarn,"
Journal of Applied Polymer Science, vol. 124, no. 6, pp. 5002-5009, 2012.
[108] Y. Qu et al., "Superelastic Multimaterial Electronic and Photonic Fibers and
Devices via Thermal Drawing," Advanced Materials, p. 1707251, 2018.

134

[109] K. Nakata et al., "Poly (ethylene terephthalate) Nanofibers Made by Sea–
Island‐Type Conjugated Melt Spinning and Laser‐Heated Flow Drawing,"
Macromolecular rapid communications, vol. 28, no. 6, pp. 792-795, 2007.
[110] T. Tätte et al., "Alkoxide-based precursors for direct drawing of metal oxide
micro-and nanofibres," J Science technology of advanced materials, vol. 12, no.
3, p. 034412, 2011.
[111] X. Xing, Y. Wang, and B. Li, "Nanofiber drawing and nanodevice assembly in
poly (trimethylene terephthalate)," Optics express, vol. 16, no. 14, pp. 1081510822, 2008.
[112] A. S. Nain, C. Amon, and M. Sitti, "Proximal probes based nanorobotic drawing
of polymer micro/nanofibers," IEEE Transactions on Nanotechnology, vol. 5, no.
5, pp. 499-510, 2006.
[113] T. Ondarcuhu and C. Joachim, "Drawing a single nanofibre over hundreds of
microns," EPL, vol. 42, no. 2, p. 215, 1998.
[114] A. S. Nain, J. C. Wong, C. Amon, and M. Sitti, "Drawing suspended polymer
micro-/nanofibers using glass micropipettes," Applied Physics Letters, vol. 89, no.
18, p. 183105, 2006.
[115]

J. Bajakova, J. Chaloupek, D. Lukáš, and M. Lacarin, "Drawing–The production
of individual nanofibers by experimental method," in Proceedings of the 3rd
International Conference on Nanotechnology-Smart Materials (NANOCON'11),
2011.

[116] J. H. Park and G. C. Rutledge, "Ultrafine high performance polyethylene fibers,"
Journal of Materials Science, vol. 53, no. 4, pp. 3049-3063, 2018.
[117] J. Ma et al., "Thermal conductivity of electrospun polyethylene nanofibers,"
Nanoscale, vol. 7, no. 40, pp. 16899-16908, 2015.
[118] F. M. Al-Oqla, S. Sapuan, T. Anwer, M. Jawaid, and M. Hoque, "Natural fiber
reinforced conductive polymer composites as functional materials: A review,"
Synthetic Metals, vol. 206, pp. 42-54, 2015.
[119] A. Shanker, C. Li, G.-H. Kim, D. Gidley, K. P. Pipe, and J. Kim, "High thermal
conductivity in electrostatically engineered amorphous polymers," Science
advances, vol. 3, no. 7, p. e1700342, 2017.
[120] M. Cho, F. K. Ko, and S. Renneckar, "Molecular Orientation and Organization of
Technical Lignin-Based Composite Nanofibers and Films," Biomacromolecules,
vol. 20, no. 12, pp. 4485-4493, 2019.

135

[121] S. Aslanzadeh, B. Ahvazi, Y. Boluk, and C. Ayranci, "Morphologies of
electrospun fibers of lignin in poly (ethylene oxide)/N, N‐dimethylformamide,"
Journal of Applied Polymer Science, vol. 133, no. 44, 2016.
[122] E. Svinterikos, I. Zuburtikudis, and M. Al-Marzouqi, "Electrospun LigninDerived Carbon Micro-and Nanofibers: A Review on Precursors, Properties, and
Applications," ACS Sustainable Chemistry & Engineering, vol. 8, no. 37, pp.
13868-13893, 2020.

136

